FOULING MITIGATION OF REVERSE OSMOSIS MEMBRANES USING LAYER BY LAYER DEPOSITION OF POLYELECTROLYTES by unknown

 
iii 
 
 
 
 
 
 
 
© Saqib Javed 
2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
 
 
 
 
 
 
 
 
 
DEDICATED TO 
MY PARENTS,  
BIG B (ASIF JAVED), 
BROTHER –IN-LAW (NASIR ALI NADEEM) 
 AND 
MY AFFECTIONATE FRIEND (ADNAN HAIDER) 
 
 
 
 
 
 
v 
 
ACKNOWLEDGMENTS 
All praises to Almighty Allah Who blessed me with strength, health and patience to 
pursue my MS degree at KFUPM. I would like to thank to my parents and family for 
their continuous support and prayers.  
I pay my sincere and humble gratitude to my thesis advisor, Dr. Isam Aljundi for his 
constant support, mentoring, persistence, and exceptional guidance throughout my 
research. I would like to thank to Dr. Mazen Khaled for providing guidance and research 
facilities in his lab for fabrication of polyelectrolyte multilayer thin films. I am very 
grateful to Dr. Basim Abussaud for his contribution and input during thesis write-up. 
I would like to thank Dr. Zafarullah Khan for providing his lab for performing 
permeation experiments. I would like to acknowledge Centre of Research Excellence in 
Renewable Energy for providing me membrane casting facilities and Centre of 
Excellence in Nanotechnology (CENT), KFUPM for providing membrane 
characterization services. I would like to gratefully acknowledge the financial support 
from Deanship of Scientific Research (DSR), KFUPM with grant number SB131003. 
I would like to pay my heartiest acknowledgements to Chemical Engineering Department 
of King Fahd University of Petroleum and Minerals (KFUPM) for awarding me 
scholarship for the master degree in their esteem institution. 
Last but not the least I pay my whole-hearted gratitude to my friends of Hetero Group 
(Rana Adeem, Lala Farrukh, Naeem, Waqar, Fahad and Aamir), affectionate brothers Dr. 
Munem, Dr. Zaheer and all Pakistani community for their support and love during my 
stay at KFUPM. 
vi 
 
TABLE OF CONTENTS 
ACKNOWLEDGMENTS ............................................................................................................. V 
TABLE OF CONTENTS ............................................................................................................. VI 
LIST OF TABLES ........................................................................................................................ XI 
LIST OF FIGURES .................................................................................................................... XII 
LIST OF ABBREVIATIONS ..................................................................................................... XV 
ABSTRACT ............................................................................................................................... XVI 
ةلاسرلا صخلم ............................................................................................................................ XVIII 
1 CHAPTER 1 INTRODUCTION ........................................................................................ 1 
1.1 Introduction .................................................................................................................................... 1 
1.2 Research Objectives ....................................................................................................................... 6 
1.3 Thesis outline ................................................................................................................................. 7 
2 CHAPTER 2 LITERATURE REVIEW ............................................................................. 9 
2.1 RO Membranes, Fouling, and Modification ..................................................................................... 9 
2.2 Membrane Fouling ........................................................................................................................ 10 
2.2.1 Types of Fouling ....................................................................................................................... 11 
2.3 Reduction of Membrane Fouling ................................................................................................... 13 
2.4 Polyelectrolyte Multilayer Films .................................................................................................. 16 
2.4.1 Layer by Layer .......................................................................................................................... 16 
2.4.2 Spray Layer-by-Layer Self-Assembly ......................................................................................... 19 
2.5 Spin Layer-by-Layer Technique ................................................................................................. 21 
2.6 Factors Affecting Polyelectrolyte Multilayers Membrane .......................................................... 23 
vii 
 
2.6.1 Effect of Layer Number on Permeation Performance ............................................................... 24 
2.6.2 Effect of Layer Number on Film Thickness ................................................................................ 34 
2.6.3 Effect of Layer Number on Zeta Potential ................................................................................. 38 
2.6.4 Effect of Layer Number on Contact Angle ................................................................................. 41 
2.6.5 Effect of Layer Number on Roughness ...................................................................................... 46 
2.6.6 Effect of Polyelectrolyte pH on Film Thickness ......................................................................... 49 
2.6.7 Effect of Polyelectrolyte Coating on Membrane Fouling ........................................................... 51 
2.6.8 Effect of Operating Pressure on Permeability ........................................................................... 54 
3 CHAPTER 3 RESEARCH METHODOLGY .................................................................. 57 
3.1 Approach ..................................................................................................................................... 57 
3.2 Materials and Reagents ............................................................................................................... 57 
3.2.1 Polysulfone ............................................................................................................................... 57 
3.2.2 Di (methylacetamide) ............................................................................................................... 58 
3.2.3 Polyester fabric ........................................................................................................................ 59 
3.2.4 Deionized water ....................................................................................................................... 59 
3.2.5 Sodium Hydroxide .................................................................................................................... 59 
3.2.6 Meta Phenylene diamine.......................................................................................................... 59 
3.2.7 Trimesoyl Chloride ................................................................................................................... 60 
3.2.8 Hexane ..................................................................................................................................... 61 
3.2.9 Poly (Ethylene Imine) ............................................................................................................... 61 
3.2.10 Poly (allyl amine hydrochloride) .......................................................................................... 61 
3.2.11 Sodium Chloride .................................................................................................................. 62 
3.2.12 Bovine Serum Albumin ........................................................................................................ 62 
3.2.13 Sodium do-decyl sulphate .................................................................................................... 63 
3.3 Preparation of Polysulfone Support ............................................................................................ 63 
viii 
 
3.4 Preparation of Thin Film Composite Polyamide Membrane ...................................................... 64 
3.5 Layer by Layer Modification of TFC Membrane by Polyelectrolytes ........................................ 65 
3.6 Design of Experiments ................................................................................................................. 66 
3.7 Characterization .......................................................................................................................... 67 
3.7.1 Scanning Electron Microscopy .................................................................................................. 67 
3.7.2 Contact Angle ........................................................................................................................... 68 
3.7.3 Atomic Force Microscopy ......................................................................................................... 69 
3.7.4 Fourier Transform Infra-Red ..................................................................................................... 71 
3.7.5 Thermogravimetric Analysis ..................................................................................................... 72 
3.7.6 Membrane Testing ................................................................................................................... 73 
4 CHAPTER 4 DESIGN OF EXPERIMENT ..................................................................... 77 
4.1 Experiment Layout by Design Expert ......................................................................................... 77 
4.2 Pure Water Flux .......................................................................................................................... 81 
4.2.1 Analysis of Variance (ANOVA) .................................................................................................. 81 
4.2.2 Graphical Residual Analysis ...................................................................................................... 82 
4.2.3 Three dimensional studies for pure water flux ......................................................................... 84 
4.3 Saline Flux ................................................................................................................................... 86 
4.3.1 Analysis of Variance (ANOVA) .................................................................................................. 86 
4.3.2 Graphical Residual Analysis ...................................................................................................... 88 
4.3.3 Three Dimensional study for saline flux .................................................................................... 89 
4.4 Salt Rejection ............................................................................................................................... 93 
4.4.1 Analysis of Variance (ANOVA) .................................................................................................. 93 
4.4.2 Graphical Residual Analysis ...................................................................................................... 94 
4.4.3 Three dimensional study for salt rejection ............................................................................... 96 
4.5 Fouling Study ............................................................................................................................... 98 
ix 
 
4.5.1 Analysis of Variance (ANOVA) .................................................................................................. 98 
4.5.2 Graphical Residual Analysis ...................................................................................................... 99 
4.5.3 Three dimensional study for fouling flux ................................................................................ 101 
4.6 Flux Recovery after Membrane Cleaning ................................................................................. 103 
4.6.1 Analysis of Variance (ANOVA) ................................................................................................ 103 
4.6.2 Graphical Residual Analysis .................................................................................................... 104 
4.6.3 Three dimensional study for Recovery flux ............................................................................. 106 
4.7 Contact Angle ............................................................................................................................ 107 
4.7.1 Analysis of Variance (ANOVA) ................................................................................................ 107 
4.7.2 Graphical Residual Analysis .................................................................................................... 108 
4.7.3 Three dimensional study for contact angle ............................................................................. 110 
4.8 Optimization .............................................................................................................................. 112 
5 CHAPTER 5 RESULTS AND DISCUSSION .............................................................. 115 
5.1 Scanning Electron Microscopy .................................................................................................. 115 
5.2 Contact Angle ............................................................................................................................ 120 
5.3 Atomic Force Microscopy .......................................................................................................... 121 
5.4 Thermal Gravimetric Analysis .................................................................................................. 125 
5.5 Fourier Transform Infra-Red Spectroscopy ............................................................................. 126 
5.6 Permeation Results .................................................................................................................... 128 
5.6.1 Effect of Layer Number ........................................................................................................... 128 
5.6.2 Effect of Concentration........................................................................................................... 133 
5.6.3 Effect of Solution pH on Permeation Performance ................................................................. 136 
6 CHAPTER 6 CONCLUSION AND RECOMMENDATIONS .................................... 139 
6.1 Conclusion ................................................................................................................................. 139 
x 
 
6.2 Recommendations ...................................................................................................................... 140 
REFERENCES.......................................................................................................................... 141 
CURRICULUM VITAE ........................................................................................................... 155 
 
  
xi 
 
LIST OF TABLES 
Table 1-1: Concentration of salts in worldwide sources of water [11] ............................... 3 
Table 2-1: Effect of SPEEK/PEI layer number on Flux and Rejection [163] .................. 28 
Table 2-2: Effect of PAH/PAA layers on contact angle and roughness [168] ................. 45 
Table 4-1: Experiment Layout from Design Expert ......................................................... 79 
Table 4-2: Response against each experiment run ............................................................ 80 
Table 4-3: ANOVA summary for pure water flux............................................................ 82 
Table 4-4: ANOVA summary to study response of saline water flux .............................. 87 
Table 4-5: ANOVA summary for salt rejection ............................................................... 94 
Table 4-6: ANOVA summary for fouling flux ................................................................. 99 
Table 4-7: ANOVA summary for recovery flux............................................................. 104 
Table 4-8: ANOVA summary for contact angle ............................................................. 108 
Table 4-9: ANOVA summary for all responses ............................................................. 112 
Table 4-10: Constraints level for optimization ............................................................... 113 
Table 4-11: Optimum performance Parameters .............................................................. 114 
Table 5-1: Effect of bilayers on membrane thickness .................................................... 118 
Table 5-2: Effect of layer number on contact angle ....................................................... 121 
Table 5-3: Effect of layer number on membrane surface roughness .............................. 123 
Table 5-4: Effect of layer number on pure water flux .................................................... 129 
Table 5-5: Effect of pH on performance of 27.5 bilayer PEI/PAH membrane at 
110 mg/L solution concentration ...................................................................138 
 
 
 
 
 
 
 
 
 
 
xii 
 
LIST OF FIGURES 
Figure 1-1: Assessment of lack of access to better-quality water & sanitation and 
deaths caused by diarrheal disease [3] .............................................................2 
Figure 1-2: Worldwide desalination capacities along with water source [13] .................... 4 
Figure 1-3: Capacity of desalination technologies in (a) World (b) USA (c) 
Middle East [10] ...............................................................................................4 
Figure 2-1: RO TFC membrane [29] ................................................................................ 10 
Figure 2-2: Membrane cleaning mechanism [66] ............................................................. 15 
Figure 2-3: (A) Schematic diagram of LBL process (B) Representation of Molecular 
deposition [77] ............................................................................................... 18 
Figure 2-4: Spray Lbl self-assembly cycle [96] ................................................................ 19 
Figure 2-5: Interior structure of PAH/CdS multilayer films by dip and spin 
coating [99] .....................................................................................................22 
Figure 2-6: Mechanisms involved in spin coating [100] .................................................. 22 
Figure 2-7: Effect of layer number on sodium salt rejection with increasing 
pressure [103] .................................................................................................25 
Figure 2-8: Effect of CHI/PSS and CHI/SA layer number on flux [105] ......................... 27 
Figure 2-9: Effect of CHI/PSS and CHI/SA layer number layer number on salt 
rejection [105] ................................................................................................27 
Figure 2-10: Effect of layer number on performance of  PSS/PAH modified RO 
membrane [109] ........................................................................................... 30 
Figure 2-11: Effect of layer number on Salt Rejection and Water permeability [112] .... 32 
Figure 2-12: Effect of layer numbers on PEO/PAA multilayers using dip and spin 
coating [117] .................................................................................................36 
Figure 2-13: Effect of layer number on PAH/PAA film thickness [107] ......................... 37 
Figure 2-14: Cross-section SEM image of 10 layers PAH/PAA film [107]..................... 37 
Figure 2-15: Comparison of Zeta potential of PSS/PAH (squares) and 
PSS/PDADMAC (triangles) multilayer films alongwith increasing 
layer numbers [73] ........................................................................................39 
Figure 2-16: Effect of PDADMAC/PSS layer number on zeta potential [119] ............... 40 
Figure 2-17: Effect of PSS/PAH multilayer films on zeta potential [109] ....................... 41 
Figure 2-18: Effect of PDADMAC/PSS layer number on contact angle [109] ................ 43 
Figure 2-19: Effect of PSS/PAH multilayer films on contact angle [109] ....................... 44 
Figure 2-20: Effect of PEO/PAA layer number on roughness [117] ................................ 46 
Figure 2-21: SEM image of base membrane (A1), 6 layered (B1) and 12 layered 
(C1) membrane [109] ....................................................................................48 
Figure 2-22: AFM images of base membrane (A), 6 layered (B) and 12 layered (C) 
membrane [109] ........................................................................................... 48 
Figure 2-23: Effect of PAA/PAH pH on film thickness [112] ......................................... 50 
Figure 2-24: Fouling performance using BSA as foulant [106] ....................................... 52 
xiii 
 
Figure 2-25: Water Flux at 800 Psi before and after fouling ............................................ 53 
Figure 2-26: Effect of layer number on Permeability under 120 minutes BSA 
filtration experiment [109] ............................................................................54 
Figure 2-27: Effect of operating pressure on permeation performance [123] .................. 55 
Figure 2-28: Effect of operating pressure on permeation performance of PAH/PAA 
multilayer films [111] .................................................................................. 56 
Figure 3-1: Casting blade for preparation of polysulfone support .................................... 64 
Figure 3-2: Spin coating set up for polyelectrolyte deposition ......................................... 66 
Figure 3-3: TESCAN FE-SEM used in this study ............................................................ 67 
Figure 3-4: Schematic diagram of contact angle measurement ........................................ 68 
Figure 3-5: Contact angle DM-501 ................................................................................... 69 
Figure 3-6:  Nanoscope IV AFM ...................................................................................... 70 
Figure 3-7: FTIR Nicolet 6700 Model (Thermo scientific) .............................................. 71 
Figure 3-8: TGA instrument SDT Q600 ........................................................................... 72 
Figure 3-9: Schematic diagram of cross flow setup.......................................................... 74 
Figure 3-10: Cross flow filteration set up ......................................................................... 75 
Figure 3-11: Membrane Assembly CF042 ....................................................................... 76 
Figure 4-1: Box Behnken layout from Design Expert ...................................................... 77 
Figure 4-2: Predicted versus actual pure water flux ......................................................... 83 
Figure 4-3: Normal plot of residuals ................................................................................. 84 
Figure 4-4: Response plot of pure water flux affected by number of layers and pH 
(PEI=PAH=110mg/L) ....................................................................................85 
Figure 4-5: Response plot of pure water flux affected by number of layers and PEI 
concentration (pH =6; PAH=110mg/L) ........................................................ 86 
Figure 4-6: Predicted versus actual saline flux ................................................................. 88 
Figure 4-7: Normal probability of residuals ..................................................................... 89 
Figure 4-8: Response plot of saline flux affected by pH and number of layers 
(PEI= PAH=110mg/L) ...................................................................................90 
Figure 4-9: Response plot of saline flux affected by number of layers and PEI 
concentration (pH=6; PAH=110mg/L) ......................................................... 91 
Figure 4-10: Response plot of saline flux affected by pH and PEI concentration 
(layers=27.5; PAH=110mg/L) ..................................................................... 92 
Figure 4-11: Predicted versus actual salt rejection ........................................................... 95 
Figure 4-12: Normal probability of residuals ................................................................... 95 
Figure 4-13: Response plot of salt rejection affected by PAH and PEI concentration 
(layers=27.5; pH=6) ..................................................................................... 96 
Figure 4-14: Contour plot of salt rejection affected by number of layers and PAH 
concentration (pH=6; PAH=110 mg/L) ....................................................... 97 
Figure 4-15: Predicted versus actual fouling flux ........................................................... 100 
Figure 4-16: Normal plot of residuals ............................................................................. 100 
xiv 
 
Figure 4-17: Response plot of fouling flux affected by number of layers and PEI 
concentration (PAH=110; pH=6) ............................................................... 101 
Figure 4-18: Contour plot of salt rejection affected by pH and PEI concentration 
(layers=27.5; PAH=110 mg/L ................................................................... 102 
Figure 4-19: Predicted versus actual fouling flux ........................................................... 105 
Figure 4-20: Normal plot of residuals ............................................................................. 105 
Figure 4-21: Contour plot of recovery flux collectively affected by number of 
layers and pH at 110 mg/L PEI/PAH ..........................................................106 
Figure 4-22:  Predicted versus actual contact angle ........................................................ 109 
Figure 4-23: Normal plot of residuals ............................................................................. 110 
Figure 4-24: Contour plot of contact angle affected by concentration of PEI and 
PAH.............................................................................................................111 
Figure 4-25: Desirability histogram for all constraints ................................................... 113 
Figure 5-1: SEM images of (a) pristine polyamide (b) 5 bilayers (c) 27.5 bilayers 
(d) 50 bilayer ................................................................................................116 
Figure 5-2: SEM images of (a) pristine polyamide (b) 20 mg/L PEI/PAH (c) 110 
mg/L PEI/PAH (d) 200 mg/L PEI/PAH .......................................................117 
Figure 5-3: Cross section SEM images of (a) pristine polyamide (b) 5 bilayers 
PEI/PAH (c) 27 bilayers PEI/PAH (d) 50 bilayers PEI/PAH ......................119 
Figure 5-4: AFM images of pristine polyamide (A) top view (B) 3D view ................... 122 
Figure 5-5: AFM images of modified membranes A&B (5 bilayers), C&D (27.5 
bilayers), E&F (50 bilayers) ........................................................................ 124 
Figure 5-6: TGA curves for pristine and modified polyamide membranes .................... 126 
Figure 5-7: FTIR spectrums of (A) Pristine polyamide (B) 50 bilayer PEI/PAH .......... 127 
Figure 5-8: Pure water flux profile of unmodified and modifed membranes 
(modifed membranes have 110 mg/L PEI/PAH ...........................................130 
Figure 5-9: Effect of layer number on Flux after 180 minutes of BSA (100mg/L) 
filtration ........................................................................................................131 
Figure 5-10: Effect of layer number on permeability and salt rejection ......................... 132 
Figure 5-11: Effect of Concentration on pure water flux of 27.5 bilaers modified 
membranes ................................................................................................. 134 
Figure 5-12: Effect of concentraion on flux decline of 27.5 bilayers  PEI/PAH 
membranes in BSA (100 mg/L) fouling conditions ................................... 135 
Figure 5-13: Effect of PEI/PAH concentration on permeation ....................................... 136 
Figure 5-14: Effect of pH on performance of 27.5 PEI/PAH modified membranes ...... 137 
Figure 5-15: Effect of pH on permeation performance of 27.5 bilayers membranes ..... 138 
 
  
xv 
 
LIST OF ABBREVIATIONS 
PDADMAC   Poly (diallyldimethylammonium chloride)  
SPEEK   Sulfonated Poly (Ether Ether Ketone) 
PAH    Poly (Allylamine Hydrochloride)  
PET    Poly (Ethylene Terephthalate) 
PEBAX   Polyether-polyamide block co-polymer  
BSA    Bovine Serum Albumin 
PSS    Poly (Styrene Sulfonate) 
PEI    Poly (Ethylene Imine) 
PVA    Poly (Vinyl Amine) 
PVS    Poly (Vinyl Sulfate) 
PAN    Poly (Acrylo Nitrile) 
PAA   Poly (Acrylic Acid) 
PEG    Poly (Ethylene Glycol) 
PEO    Poly (Ethylene Oxide) 
PAA    Poly (Acrylic acid) 
SA    Sodium Alginate  
CHI    Chitosan  
  
xvi 
 
ABSTRACT 
 
Full Name : [Saqib Javed] 
Thesis Title : [FOULING MITIGATION OF REVERSE OSMOSIS MEMBRANES 
USING LAYER BY LAYER DEPOSITION OF 
POLYELECTROLYTES] 
Major Field : [Chemical Engineering] 
Date of Degree : [November 2015] 
Membrane technology has been recognized as one of the most important technologies in 
water desalination. However, this technology is challenged by the fouling phenomenon 
which causes higher operating pressure, flux decline, frequent replacement of membranes 
and eventually higher operating costs. Therefore, good antifouling membrane is needed 
for smooth operation. In this project, reverse osmosis membranes were synthesized and 
modified to enhance the fouling resistance with acceptable salt rejection and water flux. 
Interfacial polymerization of MPD and TMC was used for preparation of thin film 
composite membranes. Polysulfone ultrafiltration membranes were used as a support. 
The polyamide membranes were functionalized by Poly (ethylene imine) (PEI)/ poly 
(allylamine hydrochloride) (PAH) using spin assisted layer by layer technique. Box-
Behnken design of experiment was used to study the effect of several parameters such as 
the number of layers, concentration of polyelectrolyte solution, and pH. Membrane 
characterization was performed using Atomic Force Microscope (AFM), Scanning 
Electron Microscopy (SEM), Fourier Transform Infra-Red (FTIR), Thermo Gravimetric 
Analysis (TGA) and contact angle. 50 bilayer modified membrane possess 15.8 L/m
2
.hr 
pure water flux with 98 % salt rejection; these values are close to pristine polyamide.  
However, after three hours of bovine serum albumin (BSA) filtration, it was observed 
xvii 
 
that functionalized membranes managed to retain more than 88 % water flux as compared 
to pristine polyamide membrane which suffered from more than 42% flux drop. AFM 
and contact angle measurement showed that functionalized membranes have lower 
roughness and higher hydrophilicity that has enhanced the fouling resistance. Effect of 
number of layers, polyelectrolyte concentration, and pH was correlated with permeation 
performance and contact angle via statistical models derived from the design of 
experiment. An optimum preparation conditions were found and the predicted water flux 
is comparable with that of the pristine membrane while retaining higher salt rejection. In 
addition it was found that the optimum membrane will resist fouling much more than the 
pristine membrane and the corresponding flux is 50% higher. 
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 ملخص الرسالة
 
 ثاقب جاويد :الاسم الكامل
 
 ال تخ ف يف من ق اذورات أغ ش ية ال ت نا ضح ال ع ك سي ب ا س تخدام ت ر س يب ط ب قة :عنوان الرسالة
 ب ط ب قة من ب ول ي ي ل ي ك ترول ي ت يس
 
 هندسة كيميائية التخصص:
 
 ن وف م بر 2015 :تاريخ الدرجة العلمية
 
 .ال م ياه ت ح ل ية ف ي ال ت ق ن يات أهم من ك واحدة الأغ ش ية ت ك نول وج يا اع ترف وق د هذه ذل ك، ومع
 ان خ فاض ال ت ش غ يل،  ض غط ارت فاع ي س بب ال ذي ق اذورات ظاهرة ت حدي هو ال ت ك نول وج يا
 ول ذل ك، .ال مطاف ن هاي ة ف ي أع لى ت ش غ يل وت كال يف الأغ ش ية من م ت كررة وا س ت بدال ال تدف ق،
 ال م شروع، هذا ف ي .ال عمل  س ير ل ح سن ج يدة ال س فن ع لى ل لح شف ال م ضادة غ شاء مط لوب
 ال رف ض ت دف ق مع ق اذورات ال م قاومة ل ت عزي ز لوت عدي ال ع ك سي ال ت نا ضح أغ ش ية وت ول ي فها
 أغ ش ية لإع داد CMT و DPM ال ب ي ني ال سطح ال ب لمرة وا س تخدمت .م ق بول ة ال مال حة وال م ياه
 .ب ول ي سول فون ي أول تراف ي ل تري شن الأغ ش ية ل دعم ك و س ي لة وا س تخدمت .ال مرك ب رق ي قة
 ب ول ي/)ب ي( )اي م ين الإي ث ي ل ين( ب ول ي من أم يد ب ول ي الأغ ش ية ف ي ف ون ك ت يون ال يزي د ك ان ت
 ب عد ط ب قة ت ق ن ية م ساعدة ت دور )ال ه يدروك رب ون ات( ا س تخدام )ه يدروك لوري د ال ل ي لام ي ني(
 عدد م ثل ال م ع لمات من ال عدي د آث ار ل درا سة ال تجرب ة ت صم يم مرب ع ب يه ن ك ين وا س تخدمت .ط ب قة
 ال غ شاء ت و ص يف إجراء ت م .ال حمو ضة ودرجة ب ول ي ي ل ي ك ترول ي تي، ل حل وت رك يز ال ط ب قات،
 وت حوي ل ،)MES( الإل ك ترون ي ال مجهر ال ضوئ ي ال م سح ،)MFA( ال ذري ة ل قوةا مجهر ب ا س تخدام
 .الات صال وزاوي ة )AGT( ال حراري ال جاذب ية وت ح ل يل ،)RITF( ال حمراء ت حت الأ ش عة ف وري يه
 هذه ؛٪ 89 ال م لح رف ض مع ال ن ق ية ال م ياه ت دف ق rh.2m/L 8.51 غ شاء ت عدي ل 05 ب ل ير ت م ت لك
 ال م صل أل بوم ين ت ر ش يح  ساعات ث لاث ب عد ذل ك، ومع .ال ب كر أم يد ب ول ي من ق ري بة ال ق يم
 ت دف ق من ب أك ثر الاح ت فاظ من ت م ك نت ف ون ك ت يون ال يزي د الأغ ش ية أن ل وحظ ،)ASB( ال ب قري
 xix
 
 ف ي 24 ال تدف ق ان خ فاض من أك ثر من عان ت ال تي ال ب كر أم يد ب ول ي ب غ شاء م قارن ة %88 ال م ياه
 وأع لى خ شون ة أق ل ت يون ال يزي دف ون ك الأغ ش ية أن أظهرت والات صال ف ؤاد زاوي ة ق ياس .ال مائ ة
 وت رك يز ال ط ب قات، من عدد ت أث ير .ق اذورات ال م قاومة عززت ال تي ه يدروف ي ل ي س ي تي
 عن والات صال الأدا ء زاوي ة ب تخ لل ي رت بط وك ان ال حمو ضة ودرجة ب ول ي ي ل ي ك ترول ي تي،
 أم ثل إعداد  شروط ع لى ال ع ثور ت م .ال تجرب ة ت صم يم من ال م س تمدة الإح صائ ية ال نماذج طري ق
 .أع لى ال م لح ب رف ض اح ت فاظها مع ال ب كر ال غ شاء أن مع ل لم قارن ة ق اب ل ال م توق عة ال م ياه وت دف ق
 ال ب كر ال غ شاء من ب ك ث ير أك ثر ق اذورات  س ت قاوم الأم ثل ال غ شاء أن وجد ذل ك إل ى وب الإ ضاف ة
 .%05 ب ن س بة أع لى هو ال مطاب ق وال تموي ه
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1 CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
Improving the access to clean drinking water is a serious concern around the globe. The 
simplified and justified answer lies in the relation between pure water and public health. 
But the scarcity of clean drinking water is an alarming situation throughout the world [1]. 
Water scarcity [2] and lack of pure water is leading to diarrheal diseases which cause 
death as indicated in Figure 1-1. According to WHO/UNICEF report, more than 1.1 
billion people did not have access to better drinking water facilities and two third of this 
belongs to Asia [3]. Although due to joint international efforts this value has dropped to 
less than one billion but the situation is not yet satisfactory [1]. 
The water stress index (WSI), the ratio of fresh water that is drawn yearly to its 
availability with respect to hydrology of region, gives an indication about the 
unavailability of fresh water [4]. The severe value of WSI above the threshold of 40 % 
indicates serious water limitation. Many countries in North Africa, South Asia, Middle 
East, part of Europe and western America is under high WSI and this dispute is supposed 
to advance worse in the upcoming years [5]. 
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Figure 1-1: Assessment of lack of access to better-quality water & sanitation and deaths caused by diarrheal 
disease [3] 
 
Desalination is the technology that converts saline water into clean drinkable-water. 
Therefore, it is the best solution to overcome water scarcity [6]. More than 70% of the 
surface of Earth contains water, of which 97.5 % can be found in the oceans and sea. 
Even if a small portion of this huge source is treated, it can have a substantial effect on 
water shortage around the globe [7]. Percentage of salts in seawater is enormous and it 
varies with respect to locations as it is indicated in Table 1-1[8]. Fresh water is the one 
that has salts less than 1000 mg/L  and in some countries this standard has lower value of 
500 mg/L [9]. If the concentration of salts or TDS is higher than 1000 mg/L, the physical 
properties like taste, color, and odor can be affected unpleasantly. The World Health 
Organization has announced a value of 1000 mg/L TDS [10] for drinking water and the 
Gulf region has also endorsed the same level for pure water. 
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Table 1-1: Concentration of salts in worldwide sources of water [8] 
 
 
 
 
 
 
 
 
 
The first major desalination plant based on distillation was built in Netherlands in 1928 
with an operating capacity 60 m
3
/day. Then, Saudi Arabia built a desalination plant in 
1938 [11]. Currently, more than 120 countries have desalination plants, of which 48 % of 
global production is associated to Middle East. In the Middle East, 61 % of the 
desalination capacity belongs to six Gulf States. Saudi Arabia is producing around one 
quarter of the total desalination capacity around the globe where the installed desalination 
capacity is more than 5.25 million m
3
/day [12]. Figure 1-2 represents the capacity of 
desalinated water of each region along with the type of source water [13]. 
Water Source Concentration (ppm) 
Brackish water 500 - 3000 
North Sea 21000 
Gulf of Mexico and coastal waters 23000 - 33000 
Atlantic Ocean 35000 
Pacific Ocean 38000 
Arabian Gulf 45000 
Mediterranean Sea 38600 
Red Sea 41000 
Dead Sea ~ 300000 
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Figure 1-2: Worldwide desalination capacities along with water source [13] 
 
The overall global capacity of desalinated water is estimated as 61 million cubic meters 
per day [14]. The main technologies to accomplish desalination are split into two sets, 
one is the thermal distillation and other is membrane separation.  
 
Figure 1-3: Capacity of desalination technologies in (a) World (b) USA (c) Middle East [10] 
Thermal distillation includes Multi Effect Distillation (MED) and Multi Stage Flash 
(MSF) whereas membrane separation includes reverse osmosis (RO). Thermal 
technologies are largely depending on energy as they consume heat and distillate the 
fresh water at low temperature and pressure [15]–[17]. RO is rapidly developing 
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approach to attain pure water by eliminating salts from seawater or any other origin of 
saline water. Currently, the largest percentage of desalination plants is based on RO as 
shown in Figure 1-3 [10]. The reason behind greater contribution of RO is its lower 
energy requirements 4-7 kW.h/m
3
 for seawater [18] as compared to high demand of 15.5 
kW.h/m
3
 for MSF.  
The marketplace for RO equipment and membranes by the end of 2014 was around $5.4 
billion and it is expected to stretch to $8.8 billion by 2019 with a compound annual 
growth rate of 10.5% [19]. The reason behind this development is that the utilization of 
energy has reduced considerably during the last decade for the RO processes along with 
the development of new and efficient membranes [20]. 
Membranes effectively remove contaminants from drinking water but fouling increase 
expense and decrease the applicability of membrane process. Apart from flux loss, bio-
growth render membrane element inadequate by limiting feed channel flow [21]. Fouling 
can’t be eliminated but it can be minimized using suitable pretreatment [22], for example 
coagulation, precipitation and filtration.  
Surface modification of membrane can decrease extent of fouling. The surface roughness 
imparts significant contribution in membrane fouling.  Smooth surface is inclined less to 
fouling as compared to membranes having rough surface [23]. Surface modification can 
be done by surface coating [24]–[27], surface grafting [28]–[30], plasma treatment [31]–
[33], UV irradiation [34], [35] or by incorporation of nanomaterial [36]–[39]. 
Decent results have been attained with poly electrolyte multilayer (PEM) coatings using 
layer by layer (LbL) deposition technique due to the control of thickness at the nanometer 
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scale that yields better membrane performance. Due to its simplicity and robustness, layer 
by layer (LbL) technique has been adopted in this study. 
So far, there is no statistical model present that can describe the performance of 
membrane with structure and its preparation conditions. There is no clear understanding 
of relationship between preparation conditions and performance. There is no optimized 
procedure to prepare polyelectrolyte membranes. Moreover, there is little study on the 
modification of polyamide reverse osmosis membrane, if present, either it involves the 
commercial polyamide membrane or it lacks the optimization. 
1.2 Research Objectives 
The main objective of this study is to prepare an antifouling reverse osmosis membrane 
with acceptable salt rejection and water flux using layer by layer assembly. 
The specific objectives are: 
1. To prepare Polyamide membrane using trimesoyl chloride and m-phenylene 
diamine as monomers through interfacial polymerization. 
2. To successfully deposit polyelectrolytes on the polyamide membranes. 
3. To optimize the operating conditions of the LbL process to get the best 
performance of the membrane in terms of permeability. 
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1.3 Thesis outline 
The main outline of the thesis includes: 
 Chapter 2 : Literature Review 
It covers the membranes types and thin film composite membranes for desalination. 
The undesirable feature of fouling, its types and ways for its minimization are 
discussed. Layer by layer technique for polyelectrolyte deposition has been reviewed 
in detail. The main focus is given on the effect of various parameters on the 
performance of polyelectrolyte modified membranes. 
 Chapter 3 : Research Methodology 
It includes the basic approach to achieve the desired objectives. The detailed 
procedure to prepare polysulfone support and polyamide membrane has been 
explained. Layer by layer deposition of polyelectrolytes on the polyamide membrane 
using spin coating, characterizations and membrane evaluation procedure through 
filtration experiments are also included. 
 Chapter 4: Design of experiment 
It includes the method to design the experiments using design expert software. The 
analysis of different responses after filtration study using ANOVA scheme has been 
discussed followed by the optimization. 
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 Chapter 5: Results and Discussions 
It includes the results of characterization and comparison of the surface properties of 
polyelectrolytes modified and pristine membrane. Effect of input parameters on the 
membrane performance has been discussed after performing permeation and fouling 
study. 
 Chapter 6: Conclusions and Recommendations 
In the end, conclusions and recommendations were made in light of filtration, fouling 
and optimization study. 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 RO Membranes, Fouling, and Modification 
In RO membranes, the separation of the dissolved salts is accomplished because of the 
hydraulic gradient that is created across the semi permeable membrane. A pressure higher 
than the osmotic pressure (due to dissolved species) is applied to create gradient in 
operation [40]. RO membranes are currently being used in desalination of sea and 
brackish water resources [41]. The first commercialized RO membrane was developed by 
Loeb and Sourirajan in 1958 from Cellulose Acetate (CA) by using phase inversion 
method [42]. It was called asymmetric membrane and holds dense structure. It showed 
better performance at that time but CA membrane is easily compacted and hydrolyzed in 
the presence of water which leads to flux decline and eventually results in low efficiency 
of the system. The real boost in design of composite membrane was brought by Cadotte 
[43] who introduced thin film composite membrane (TFC). He used interfacial 
polymerization in which very thin membrane of aromatic polyamide material is 
synthesized straight on the surface of polysulfone material which serves as a porous 
support [44]. The composite membrane consists of bilayers formed in two steps that are 
totally different from each other as compared to asymmetric CA membrane which is 
homogenous in chemical composition and formed in one step. The structure of typical 
TFC membrane is shown in Figure 2-1 [45].  
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Figure 2-1: RO TFC membrane [29] 
A typical TFC RO membrane comprises of three layers that are polyester (130 nm thick), 
polysulfone (40 nm thick) and polyamide (0.3 – 3 nm thick). The non-porous polyamide 
layer is the active layer that is responsible for the salt rejection. The advantage of TFC 
membrane over the asymmetric membrane is that each particular layer in a TFC 
membrane can be adjusted for its certain function. The thin barrier layer is adjusted to get 
a required consolidation of solvent flux and rejection of solute. The porous layer which 
act as a support enhance the maximum strength and provide compression resistance along 
with minimum resistance for flow of permeate [45]. The detailed mechanism for 
synthesis of polyamide membrane (PA) via interfacial polymerization by using m-
phenylene diamine (MPD) and trimesoyl chloride (TMC) is discussed in detail by Krantz 
et al [46].  
2.2 Membrane Fouling 
Membrane fouling is a complex phenomenon for which there is no single exact 
definition, however it can be defined as “A condition when membrane experiences 
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blocking or coating by some component present in the processed stream, which 
eventually results in declining of flux” [47]. 
To some extent, fouling occurs in all RO systems. It is a leading restrictive feature in RO 
applications. Generally speaking, there are two fouling mechanisms that are commonly 
observed in membrane developments. These two mechanisms include fouling at the 
surface and in the pores. As far as RO membranes are concerned, they don’t have distinct 
pores and are considered to be principally dense. Therefore, surface fouling is prominent 
in RO membranes [48]. 
Fouling of membranes can happen under various conditions which eventually lead to its 
cleaning. The severity of the fouling decides the cleaning frequency, which depends on 
several variables such as recovery rate of the system, characteristics of feed water and 
pretreatment methods. Because all membrane systems are attacked by fouling, it is better 
to understand the basic types and their origin which will allow enhancing the valuable life 
of RO membrane element along with improved efficiency and economy of RO plant [49]. 
2.2.1 Types of Fouling 
During operation, reverse osmosis membranes are disclosed to every type of foulant. So, 
the understanding of each type is suitable to study and control specific foulant. Moreover, 
it is vital to recognize the interactive effects among numerous foulant on mechanism of 
fouling. For example, it has been reported that an increase in concentration polarization 
of salt ions can increase the osmotic pressure which eventually results in flux decline. 
Likewise, substantial rise in synergistic effects has been found during interactions 
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between colloidal and organic foulant. Furthermore, these interactions are responsible  
for flux decline [50]. 
RO membrane elements are attacked by different types of foulants that can be broadly 
categorized into four types: suspended particulate matter, dissolved organic substance, 
dissolved objects, and biological material [10], [51]–[53] 
Because of the repulsive potential by electrical double layer of charges, suspended solids 
preserve their suspended position and when the attraction forces (van der Waals forces)  
reduces the electrical repulsion, these stable suspended solids become unstable and form 
agglomerate. Eventually, they settle on the surface of membrane. Metal oxides in 
colloidal forms, for instance iron or silica are typical suspended solids [54]. Dissolved 
solids are soluble in feed water and can form scales upon precipitation. These salts 
precipitate when the concentrations of these components in rejected brine stream 
increase. Examples of such precipitated compounds are calcium carbonate and sulphate 
of barium, calcium and magnesium. 
Non-biological organic foulant are materials which are not living organisms but they 
possess carbon-based chemical structures. These carbon based structures have usual 
attraction for membrane. The major examples of non-biological organic foulant include 
oil, cationic surfactants, plant materials and hydrocarbons [53]. 
Biological activity can impact membrane process by two means. It can be through 
membrane decomposition with the help of biological material or formation of a flux-
preventing layer [55]. Biological fouling arises while microbial cells gather and stick to 
surface of the membrane. Their continuous growth results in formation of biofilms. 
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Foulants are present in low quantity; however they grow into enormous numbers that 
successfully blocks permeate flow from the membrane. 
It is evident that suspended and dissolved solids have significant contribution in fouling. 
As membrane fouling occurs, membrane efficiency deteriorates in the form of decreased 
salt rejection and permeate flux and increased pressure drop across the membrane. The 
flux drop of permeate is also caused by concentration polarization. But, fouling resistance 
play major role when flux decline is complemented with considerable rise in permeate 
purity [56]. 
2.3 Reduction of Membrane Fouling 
Minimization and remediation are the two approaches to reduce the fouling effect. 
Remediation involves the frequent chemical cleaning at fixed intervals which is essential 
for all membrane processes. However, the cleaning frequency depends on concentration 
of existing foulant and it varies from weekly to yearly cleaning. Cleaning agents are 
commercially available and their selection is determined by feed characteristics. To 
remove precipitated salts, for instance CaCO3, acid cleaning is appropriate. However, 
alkaline cleaning is suitable to remove adsorbed organic matter. To clean microfiltration 
and ultrafiltration membrane, a small water or air pulse is applied from permeate to feed 
side which removes foulants from pores. However, this technique is not useful for NF or 
RO processes [57], as thin-film composite membranes are involved in them. Higher 
pressures cannot be used to clean thin film composite membranes because they possess 
limited mechanical stability. Therefore, backwashing of RO membrane is performed by 
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reversing the flow of permeate to clean up the membrane surface from accumulated 
foulants.  
Osmotic backwashing takes place when osmotic pressure at feed side beats the applied 
pressure through the membrane. This may be attained in different means [58]; 
1. By decreasing the applied pressure on feed-side. 
2. By equalizing the trans-membrane pressure (TMP) while increasing the permeate 
side pressure. 
3. By injecting a pulse at feed side that contains high concentration solution. 
The detailed mechanism of osmotic backwashing is described by various authors 
elsewhere in [59]–[62]. Membrane cleaning is done to remove the fouling layer on the 
membrane surface which ensures stable operation of the system and to repair its 
performance when it drops lower than the estimated output. The reversible fouling is 
recovered by backwashing, however chemical cleaning is necessary to overcome 
irreversible fouling. Membrane cleaning is greatly affected by temperature because it can 
change the chemical reaction equilibrium. It can change the reaction kinetics and can 
change the solubility of fouling materials throughout the cleaning. In general, cleaning is 
more effective at higher temperatures. Membrane compatibility should also be checked 
along with other filter components concerning temperature [63]. The recovery of fouling 
layer is achieved in two steps [64]; 
1. First step involves the chemical reaction between foulants and the cleaning agent. 
2. In the second step, foulants are discharged from membrane surface to the bulk 
solution by means of shear forces. 
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Selection of cleaning agents and accurate approach is of great importance in order to 
recover stable membrane operation through removal of fouling layer. Cleaning through 
aggressive agents will cause irreversible membrane damage that will eventually need 
membrane replacement. A less effective cleaning agent will increase time of cleaning and 
consequently energy consumption will be escalated [65]. 
Lee and Elimelech [66] showed that inert salts such as sodium nitrate, sodium chloride, 
potassium chloride and sodium sulfate can be effectively used for the cleaning of reverse 
osmosis membranes that are fouled by organic foulants like sodium alginate. Based on 
experimental results and AFM measurements, the most important mechanisms of salt 
cleaning are the swelling of gel layer and ion-exchange reaction as shown in Figure 2-2 
[66]. 
 
Figure 2-2: Membrane cleaning mechanism [66] 
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2.4 Polyelectrolyte Multilayer Films  
Polyelectrolytes are the polymers whose repeating units comprise an electrolyte group. 
These electrolyte containing polymers have been exploited in the development of 
innovative entities recognized as polyelectrolyte multilayers (PEM). These thin films are 
prepared through a layer-by-layer (LbL) deposition method. In this technique, the 
membrane is dipped in dilute solution of positively charged polyelectrolyte solutions and 
then the same membrane is dipped in negatively charged polyelectrolyte solutions. Each 
time, a small quantity of polyelectrolyte solution is adsorbed on the membrane surface 
and consequently surface charge is reversed. This allows steady and precise assembly of 
electrostatically cross-linked films of opposite charged layers. 
The fascinating feature of polyelectrolyte layers is the formation of polyelectrolyte 
complex when it is united with another oppositely charged polyelectrolyte. The main 
compelling force for organizing polyelectrolyte complex is rise in entropy [67] through 
discharge of oppositely charged ions, hydrogen bonding [68], hydrophobic interaction 
[69] or other Van der Waals attractive forces that might play their role in the 
development of the complex. When an oppositely charged polyelectrolyte complex is 
formed and the process is repeated several times, it leads to the formation of 
Polyelectrolyte Multilayer. 
2.4.1 Layer by Layer 
In 1966, Iler [70] presented a procedure in which contradictory charged colloidal 
particles could be constructed into layer by layer (LbL) films. In 1997, Decker explained 
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a systematic way for polyelectrolyte assembly and it became the most cited article in 
nature till 2008 [71]. The alternating adsorption of molecular layers is principally 
established on electrostatic interactions between the adjoining layers. Therefore, it is also 
attributed as electrostatic self-assembly. 
LbL assembly is an eye-catching procedure for formation of thin film composite TFC 
reverse osmosis membranes. Through LbL, film thickness can be accurately organized at 
nanometer scale [72]. Furthermore, film properties can be enhanced by changing the 
polyelectrolyte type [73] and specifications of depositing poly-ionic solutions [74]. After 
deposition of polyelectrolyte solutions, surface of membrane becomes more hydrophilic, 
as polyelectrolytes are water-soluble polymers. The surface charge density rises by 
growing the number of deposited films; polyelectrolytes form loops and tails on surface 
of the substrate which additionally increase the hydrophilicity [75]. 
The LbL procedure involves the alternating consecutive immersion (dipping) of a solid 
substrate into oppositely charged solutions. Rinsing is necessary after depositing every 
layer to remove the weakly attached molecules. The schematic diagram of LbL scheme is 
presented in Figure 2-3 and the detailed procedure is discussed by Feng et al [76] and 
Decker [77]. Steps 1 and 3 are for the coating of polyelectrolytes whereas step 2 and 4 are 
for rinsing. 
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Figure 2-3:  (A) Schematic diagram of LBL process (B) Representation of Molecular deposition [77] 
Each layer of the LbL films has thickness at molecular scale where a few tens of films 
can be attained in a simple way. The LbL assembly is the simplest method to organize 
nano-layered films. Neither specific equipment nor particular polyelectrolytes are needed 
for this method. If condition of electrostatic interaction is fulfilled, it can be applied to a 
wide variety of materials and applications as discussed in [78]–[81]. 
The conventional dipping process is quite time consuming and usually takes 30 minutes 
for one dipping cycle [82], so automated dipping was developed. Hammond and Clark 
[83] used automatic dipping process to form defect-free uniform films. They deposited 
PSS/PDADMAC films through commercial slide stainer and found that the 
mechanization of LbL dip assembly resulted in micro fabricated films. Moreover, 
automated dipping provides films with improved selective deposition and multilayers 
with thicker pattern. 
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Similar automated dipping procedure was applied by Shiratori and Yamada [84] for 
synthesizing PAH/PAA films. They concluded that better film control is achieved up to 
nanometer level by the modified dipping procedure. Moreover, smooth surface 
morphology with excellent properties are  gained compared to conventional dipping 
process [85] and are greatly illustrated in [86]–[93]. 
2.4.2 Spray Layer-by-Layer Self-Assembly 
A change in dip coating is the spray method that was introduced by Schelnoff et al [94] in 
which oppositely charged polyelectrolytes are consecutively sprayed onto the substrate 
with a gap of just few seconds in each deposition step. After each cycle, the surface is 
washed by spraying deionized water. The results depicted that spraying technique 
produces a highly uniform multilayer within a small duration, however, morphology, 
homogeneity and chemical configuration of the sprayed multilayers are almost the same 
as the conventional ones [95]. The schematic diagram of spray LbL assembly is displayed 
in Figure 2-4 [96]. 
 
 
Figure 2-4: Spray LbL self-assembly cycle [96] 
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Films deposition by spray method allows uniform multilayer growth even under those 
conditions in which dip coating fails. Schelnoff et al [94]utilized PSS/PDADMAC pair of 
polyelectrolytes and found that drainage continually removes a definite amount of the 
additional solution that arrived at the surface. In fact, 99% polyelectrolyte solution is 
washed off. Therefore, this depletion of polyelectrolyte solution is a drawback of spray 
method but it can be overcome through recycling the solution. 
The membranes prepared by spray technique offer high selectivity for the separation of 
species [97], [98] and they also provide very high flux. Spray method is beneficial for 
manufacturing large area membranes and to prepare films for protection from corrosion. 
Rinsing is vital for good quality multilayered structures. 
Fery et al [82] used the LbL spray method to build nano-composite multilayered films 
that consist of Au nanoparticle and polycation nitro-diazo-resin. The multilayer films 
were of good quality with controlled structures. These films were helpful to prepare 
composite films with excellent mechanical properties and higher chemical stability. 
Decher et al [96] fabricate polyelectrolyte films by consecutive spraying of PSS/PAH 
solutions and compared with dipping conditions. The deposition process in spraying is 
controlled by diffusion. It takes just few minutes to homogenize the surface by 
adsorption. However, film quality is far better than conventional dipping procedure. 
PSS/PAH dipping required 15-20 minutes per layer but sprayed films require only 6 
seconds for deposition of each layer. Moreover, polyelectrolyte films synthesized by 
spraying are always thinner as prepared by dipping.  These outcomes are in accordance 
with those that are reported by Schelnoff et al [94] 
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2.5 Spin Layer-by-Layer Technique 
In spin assembly, the oppositely charged polyelectrolytes solutions are spun cast on the 
substrate by a spin-coater with in between rinsing by de-ionized water on the substrate. 
The adsorption is greatly enriched because the water molecules are removed by spinning 
from the surface of multilayer films. The detailed procedure was successfully reported by 
Char et al [99]. They also demonstrated the structural difference in dip and spin self-
assembly methods by preparing the PAH/CdS multilayer films as shown in Figure 2-5. 
It is clearly understood that the spin assembly can easily deliver the well-organized 
internal structure, which cannot be attained through conventional dip coating. The 
substantial difference in adsorption is the result of different mechanisms of adsorption. In 
usual dip coating, polyelectrolyte solution is diffused towards the substrate due to 
electrostatic interaction between oppositely charged chains. After adsorption, these 
chains reposition on the surface of substrate. Spin coating utilizes the various 
mechanisms simultaneously, for example, centrifugal and viscous force, air shear, and 
electrostatic interactions that effect enhanced adsorption, the readjustment of polymer 
chains on the substrate and removal of loosely bound solution at high rotation rate but in 
short time. This high speed spinning process is able to control the bilayer thickness as 
well as the surface roughness and also provides a well-organized inner assembly. During 
spinning, quick removal of water builds thick layers due to increase in molar 
concentration of polyelectrolytes. The shearing effect contributes in the alignment of 
chains in multilayers and therefore it provides a smoother surface. Various mechanisms 
that take place during spinning process are shown in Figure 2-6  [100] 
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Figure 2-5: Interior structure of PAH/CdS multilayer films by dip and spin coating [99] 
 
 
Figure 2-6: Mechanisms involved in spin coating [100] 
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Therefore, spin coating results in formation of highly ordered structure owing to 
mechanical effect upon air shear force. Due to this superiority of spin coating over 
conventional dip coating and spray technique, it is being widely used in these days.  
In 2002, Wang et al applied this spinning process to PEI, PDADMAC and dendrimer and 
demonstrated that it is a useful method for assembling a variety of combinations for 
polyelectrolyte multilayers. From their experience, they revealed that use of opposite 
charged polyelectrolytes is not always required while building multilayered films through 
spin assembly. Therefore, new prospects opened for constructing thin films with similar 
charge polyelectrolytes [101]. 
After discussion on significance and difference of dip and spin layer by layer assembly, 
the effect of several parameters of polyelectrolytes multilayer thin films on membrane 
modifications and performance will be discussed in the upcoming section. 
2.6 Factors Affecting Polyelectrolyte Multilayers Membrane 
The deposited number of layers on the substrate has a great influence on the permeation 
performance. The substrate needs specific amount of layers to cover its surface. 
However, increase in layer number results in higher resistance. Therefore, by increasing 
the layer numbers, flux decline occurs. At the same time, salt rejection increases 
appreciably because of the dense polyelectrolyte multilayer film membrane. So, there 
should be an optimum number of layers that gives a reasonable flux with compromised 
salt rejection. Therefore, selection of number of layers demands a tradeoff between flux 
and salt rejection. 
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2.6.1 Effect of Layer Number on Permeation Performance 
In 2001, Bruening et al [97] deposited PSS/PAH polyelectrolyte pair on porous alumina 
substrate to synthesize ultra-thin layers. Mixed feed solution was used to investigate flux 
of mono-, di-, and tri-valent anion. Five bilayers were enough to cover the substrate. 
SEM analysis showed a defect free film with only 5 bilayers. Flux was affected by 
varying the bilayers because pore coverage of the substrate depends on coating of layers. 
From 5 bilayers of PSS/PAH films, chloride flux was 6.5*10
-8
 mol/(cm
2
.s), sulphate flux 
was 6.5*10
-8
mol/(cm
2
.s) and 2.1*10
-10
 mol/(cm
2
.s) flux of trivalent ions Fe (CN)6
3-
 was 
achieved. By increasing layer number to 10, additional resistance was transmitted to 
PSS/PAH films which decreased the flux. For 10 bilayers, Chloride flux shows slight 
change whereas SO4
2-
 and Fe (CN)6
3-
 transport decreases 5 and 330 times respectively. 
Selectivity approaches to 7 with just 5 bilayers and is affected a little by varying the layer 
number. The decrease in flux is attributed to increase in Donnan exclusion effect, as 
surface coverage increases with deposition of additional layers along with thickness [97].  
Bruening and Miller [102] prepared PEM thin films of PSS/PDADMAC on porous 
alumina substrate. Nano filtration performance was measured through homemade cross 
flow apparatus at 4.8 bars with feed solution of 0.01 M NaCl and 0.001 M sucrose. It was 
found that 4 bilayers of PSS/PDADMAC provides pure water flux of 2.5 m
3
/ (m
2
.day) 
with only 14 % salt rejection. But with 5 bilayers, flux increased to 3.3 m
3
/ (m
2
.day) and 
NaCl rejection enhanced to 21%. Pure water flux decreased to 2.3 m
3
/ (m
2
.day) with 
almost 22% salt rejection when the number of coating films were raised to 6.5. By 
decreasing the salt concentration in depositing solutions, surface charge will reduce, 
which ultimately results in reduced NaCl rejections or increased sucrose rejection [102]. 
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In 2005, Tieke et al [103] prepared polyelectrolyte membrane by LbL adsorption of poly 
(vinyl amine) and poly (vinyl sulphate) on PAN/PET support to investigate the 
performance for RO conditions by changing the numbers of coating layers. It was found 
that NaCl rejection was increased by increasing layer numbers as indicated in Figure 2-7. 
 
Figure 2-7: Effect of layer number on sodium salt rejection with increasing pressure [103] 
It was noteworthy that with 10 or 20 layer numbers the highest possible rejection of 
sodium ions at 40 bar was not more than 30 and 45 %; respectively. Thus, to get a 
consistent and realistic statistics, as a minimum, thirty polyelectrolyte layer pairs were 
needed to be deposited on the porous substrate. When layer number increased to 30, salt 
rejection jumped to 78 % at 40 bars which indicates that 20 pairs of layers are not 
sufficient for proper coating, so at 60 layer pairs this rejection was further increased to 
93% while operating at the same pressure. The permeation flux also increases by 
increasing the number of layers on the substrate. Initially the flux was low but for 
membranes that are modified using 30 or more bilayers, flux of nearly 4 L/m
2
h was found 
at 40 bars which is still quite low. The most important reason of this low flux is the 
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relatively low hydraulic permeability of the supporting membrane so it was concluded 
that there is a need to alter the supporting membrane for comprehensive seawater analysis 
[103]. 
In 2005, Bruening and Malaisamy [104] prepared PSS/PDADMAC films on polyether 
sulfone ultrafiltration membrane and investigated the performance at 4.8 bar. Feed 
solution contains 1000 ppm of each Na2SO4 and NaCl. Low solution flux of 1.7 m
3
/ 
(m
2
.day) was achieved along with just 59% sulfate rejection from 2 bilayers. With 3 
bilayers, flux increased to 1.8 m
3
/ (m
2
.day) and rejection enhanced to 95%.  When 
number of layers was further increased to 4, solution flux dropped to 1.6 m
3
/ (m
2
.day) but 
salt rejection was further increase by 1 %.  
Pavasant et al [105] prepared PEM membranes by utilizing CHI/PSS and CHI/SA on 
electro spun cellulose acetate fiber mat. The modified membranes turned out to be 
hydrophilic as they hold numerous functional groups that contribute in the hydrophilicity. 
The salt rejection was determined for the coated membrane samples using a 2000 ppm 
saline solution. For CHI/SA pair, water flux remains almost constant to 60 L/m
2
.h for 15 
and 20 bilayers but decreased to 40 L/m
2
.h by increasing the layers to 25 as shown in 
Figure 2-8. In case of CHI/PSS modified films, high flux value of 130 L/m
2
.h was 
initially achieved with 15 bilayers which decreased to 45 L/m
2
.h when the number of 
layers approached 25. This high permeability is due to the porous nature of the substrate. 
However, with increased layer number, resistance increased and flux decreased through 
these thicker membranes.  
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Figure 2-8: Effect of CHI/PSS and CHI/SA layer number on flux [105] 
NaCl rejection remain low for both polyelectrolyte pair from 6 % for 15 bilayers and 
reaches to just 9 % when 20 bilayers are used for coating. On the other hand, for 25 
bilayers, a substantial change in value was observed that is shown in Figure 2-9. CHI/SA 
films provide 14 % rejection as compare to 10 % in case of CHI/PSS multilayer films. 
This difference is due to dense structure of CHI/SA films. So, desalination performance 
of CHI/SA pair is far better than CHI/PSS coated films [105]. 
 
Figure 2-9: Effect of CHI/PSS and CHI/SA layer number layer number on salt rejection [105] 
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In 2009, Wang et al [106] prepared composite membrane for nanofiltration by depositing 
SPEEK and branched PEI on hydrolyzed PAN UF membrane. Performance was 
measured using a 2000 mg/L NaCl solution at 13.79 bars and room temperature.  As the 
layer number increased from 3 to 5, salt rejection increased from 79 % to 89 % but flux 
declined from 0.60 m
3
/ (m
2
.day) to 0.27 m
3
/ (m
2
.day). After 8 bilayers, no improvement 
in salt rejection was observed while flux decreased to 0.16 m
3
/ (m
2
.day), as shown in 
Table 2-1. The performance of these modified SPEEK/PEI films was comparable to 
commercial RO membrane SWC-4 which provides 96 % salt rejection along with flux of 
0.28 m
3
/ (m
2
.day). 
Table 2-1: Effect of SPEEK/PEI layer number on Flux and Rejection [106] 
Parameters 
Bilayer Number 
1 3 5 8 
Salt rejection (%) 45 79 89 87 
Flux (m
3
/m
2
.day) 1.12 0.60 0.27 0.16 
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In 2010, Bang et al [107] used the layer by layer assembly for coating of negatively 
charge polysulfone substrate with the help of weak polyelectrolytes including cationic 
PAH and anionic PAA. Desalination performance was investigated at 20 bar with NaCl 
feed solution of 2000 ppm. It was found that with 5 bilayers only 21 % salt rejection and 
20 L/m
2
.h water flux was achieved. For 10 bilayers, salt rejection rose to 78 % due to 
dense structure. However, due to increase in hydrodynamic resistance, water flux 
declined to 8 L/m
2
.h. As the layers increased to 20, salt rejection reached to 81 % as 
dense structure is further enhanced. However, the water flux was only 7 L/m
2
.h. The 
modified membranes provided salt rejection as good as the commercial RO membrane 
but there is a need to upgrade water flux. 
Malaisamy et al  [108] modified the polyamide membrane by using PDADMAC/PSS pair 
of polyelectrolytes. 1000 mg/L feed solution was used to explore the effect of layer 
numbers on salt rejection and flux of monovalent ions in ternary mixtures.  The permeate 
flux decreased from around 42 L/m
2
.h to 21 L/m
2
.h when the layer number increases 
from 4 to 8. Although water flux decreased by 50 %, the flux of modified membrane is 
still 30 % higher than that of the commercial BW30 reverse osmosis membrane. Flux 
Loss was solely due to increase in thickness of the membrane. Sulphate ions were 
completely rejected but rejection of fluoride ions through the unmodified membrane was 
50 % which increased considerably to 70 % by coating 8 bilayers. In case of chloride 
ions, rejection first increased to 30 % with 4 bilayers which dropped to 20 % when 
bilayers increased to 8. This difference in salt rejection between these ions is due to their 
difference in hydration energies which is highest for sulphate and lowest for chloride 
ions. 
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Ishigami et al [109] deposited PSS/PAH on commercial RO membrane. The 
concentration of 500 mg/L of NaCl solution was used as feed to measure salt rejection 
after 120 minute of filtration experiment. With 6 layers, the obtained flux is around 3.1 
L/m
2
.h.atm which decreased to 2.5 L/m
2
.h.atm by coating 12 bilayers. This is due to 
increase in hydrodynamic resistance in the polyelectrolyte multi-layered RO membrane. 
The salt rejection improved from 98 % to 99.4 % as layer number increased from 6 to 12. 
Results in Figure 2-10 are consistent with the literature because the hydrodynamic 
resistance increases due to increase in thickness of multilayer films while the effective 
mass diffusivity in the polyelectrolyte multilayered RO membrane decreases. Thus, the 
performance of PEM reverse osmosis membrane can also be tuned by varying the 
deposition cycle on the substrate. 
 
Figure 2-10: Effect of layer number on performance of  PSS/PAH modified RO membrane [109] 
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Kentish et al [110] studied the behavior of polyamide reverse osmosis membrane by 
depositing PEG acrylate multilayers. Permeation tests were performed in artificial 
seawater with 30.83 g/L NaCl and 1.11 g/L CaCl2 under 800 Psi (55 bar) for 3 h. They 
showed that membrane modified with one pair of layer have somewhat lower flux 
compared to two layer pairs. This is due to the variation in performance of the each 
individual polyamide layer. The virgin membrane has 122 L/m
2
.h water flux which 
decreased to almost 100 L/m
2
.h and 112 L/m
2
.h by coating one and two bilayers, 
respectively. Flux decreased but salt rejection increased as compared to the base 
membrane which had 92 % salt rejection. The rejection rises to 94% by depositing one 
and two bilayers. The increased salt rejection is relatively small which indicates that 
coating is thinner.  The hurdle in achieving 99% rejection as expected in commercial RO 
membranes is due to higher concentration polarization in the arrangement of dead end 
cell apparatus. 
Farid et al [111] modified the membrane using spin assisted layer by layer assembly by 
depositing 60 and 120 bilayers of PAH and PAA. To inspect the stability of membrane, 
cross flow permeation test was conducted for 40 hour under conditions of 40 bars, salt 
concentration of 2000 ppm and pH of 6. Under same conditions it was revealed that 60 
bilayers gave 58 % salt rejection which was increased to 65 % when bilayers were 
doubled. Flux provided by the 60 bilayers is around 30 L/m
2
.h but when bilayers are 
increased to 120, flux declined 50 % and reached a value of L/m
2
.h. These values are in 
accordance with solution diffusion theory which states that flux and membrane thickness 
are inversely proportional to each other. Therefore, flux drop occurred by the growth of 
thickness as the number of bilayers increased over the substrate. A very interesting 
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finding was noticed where slight increase in salt rejection showed that Donnan Exclusion 
is not playing its role; otherwise significant rise in rejection must be noted. 
In a separate study, performance of PAH/PAA modified films with a higher feed saline 
water concentration of 15000 ppm at 700 psig (48 bars) was discussed [112]. With 15 
bilayers almost 75 % salt rejection was achieved which increased to 88 % with 35 
bilayers as shown in Figure 2-11.  
 
Figure 2-11: Effect of layer number on Salt Rejection and Water permeability [112] 
It was found that 15 and 25 bilayer membranes produced nearly identical salt rejection 
but with a different flux. This consequence suggested that coating might not completely 
cover the substrate. Moreover, this result also point out that flux was considerably 
influenced by thickness of films. Fifteen bilayers provided almost 0.55 L/m
2
.h.bar of 
water flux but 25 bilayers reduced this value to 0.46 L/m
2
.h.bar which further reduced to 
almost 0.22 L/m
2
.h.bar by coating 35 layers on the substrate. Higher Donnan potential 
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offers greater electrostatic repulsive force to the ions which in turn yields higher 
rejection. 
In 2013, Lee et al [113] synthesized polyamide membrane from MPD and TMC on PAN 
UF support via LbL assembly. Before synthesis, they blocked the pores of the support 
using single layer of PEI/PAA. Performance was evaluated at 15.5 bar using cross flow 
apparatus with 2000 mg/L aqueous solution of NaCl. They found that flux and rejection 
is greatly dependent on number of bilayers. As the layer number increased from 10 to 15, 
flux decreased from 21.5 to 20.7 L/m
2
.h but rejection increased from 95.7 to 98.7 %. This 
is in accordance with solution diffusion model which states that flux is inversely related 
to thickness of multilayer films. They also compared their result with membrane 
performance that was prepared through interfacial polymerization (IP). Membranes 
prepared with conventional IP exhibited a flux of 11.8 L/m
2
.h with 96.8 % salt rejection. 
The flux was far less than that attained by membranes prepared with LbL (21.5 L/m
2
.h 
and 95.7%) showing the superiority of the LbL method and its suitability for RO 
applications [113]. 
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2.6.2 Effect of Layer Number on Film Thickness 
As layer number has its effect on permeation performance, it also has a pronounced effect 
on film thickness. Increasing the number of layers, convey more quantity of 
polyelectrolyte on the substrate which results in greater thickness and consequently will 
have an effect on performance of prepared membranes. 
In 2001, Bruening and his coworkers [114] described the building of PAA/PAH films on 
alumina support. The deposition results in ultrathin composite membranes. Thickness 
was measured by ellipsometry. Thickness is affected by increasing layer numbers which 
eventually change the anionic flux. Four bilayers provided 316 Å thick-films which 
increased 23% to 390 Å by only increasing layers to 4.5. Excessive thickness of layers 
will offer large mass transfer resistance that will reduce flux and will drop the overall 
membrane performance. 
Bruening and Miller [102] prepared PEM thin films of PSS/PDADMAC on porous 
alumina substrate for Nano filtration application. The thickness of 3.5 layers film was 
17.3 nm which increased to 21 nm for 4 bilayers and to 34 nm for 5 bilayers. It is 
consistent with earlier results which indicate that the increase in layer number will 
increase the film thickness. 
Deratani et al [115] prepared polyelectrolyte multilayer thin films consisting of CHI/ALG 
pair of polyelectrolytes. The chosen substrate was cellulose acetate membrane. The 
coating thickness of films was measured by ellipsometry. It was found that an increase of 
0.6 nm thickness took place with each pair of ALG/CHI. 19 nm thick membrane was 
achieved with 30 layer pairs, which provide excellent performance. 
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In 2007, Bruening et al [116] prepared PSS/PAH and PSS/PDADMAC film through dip-
LbL assembly. For 3 layers of PSS/PDADMAC, 16.4 nm films were obtained which 
increased to 26.7 nm for 4 bilayers. In addition, the film thickness increased to 32.9 nm 
when 5 bilayers were deposited. Deposition by PSS/PAH generated relatively thinner 
films as compared to PSS/PDADMAC. With 4 bilayers, 13.7 nm thick films were 
obtained which increased to 19.4 nm for 5 bilayers. It is clear that PSS/PAH films are 
thinner than PSS/PDADMAC which provides comparatively better performance. 
Seo et al [117] studied the surface morphology of multilayer films by depositing 
hydrophobically modified PEO/PAA on silicon wafers by using dip and spin LbL 
methods. Initially, the film development of dip coated films displays exponential growth 
and become linear after 15 layers as indicated in Figure 2-12. For 20 bilayers, 2000 nm 
thickness was obtained which increased to 4000 nm for 30 bilayers and 11000 nm for 50 
layer pairs. Therefore, an average of 210 nm increment per bilayer takes place by dip 
coating. Spin coating provides linear growth in thickness by increasing layer numbers. In 
the range of 10 to 50 bilayers of coating, an average increment of 21 nm per bilayer was 
recorded. It was also concluded that spin layer by layer method provides distinct surface 
morphology with thin multilayer films which is an indication of better performance. 
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Figure 2-12: Effect of layer numbers on PEO/PAA multilayers using dip and spin coating [117] 
Bang et al [107] used LbL assembly for coating a negatively charged polysulfone 
substrate with the help of a weak polyelectrolytes including cationic PAH and anionic 
PAA. Various pH combinations were applied but LbL assembly produced the thickest 
layers under a pH of 7.5 for PAH and pH of 3.5 for PAA. They found that as the layer 
number increase from 1 to 10, the thickness of the modified multilayer films increase 
from 3 nm to 250 nm, as shown in Figure 2-13. The coating of these multilayers pursues 
a unique exponential growth design. Because PAH diffuses into the film during 
deposition, it diffuses out during rinsing and further diffuses out during PAA deposition. 
This is known as in-out diffusion mechanism which is the foundation for exponential 
thickness growth.  
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Figure 2-13: Effect of layer number on PAH/PAA film thickness [107] 
The cross-section SEM image for 10 layer substrate with thickness of 250 nm is shown in 
Figure 2-14 [107] 
 
Figure 2-14: Cross-section SEM image of 10 layers PAH/PAA film [107] 
 
Effect of thickness of PAH/PAA pair was also demonstrated by Farid et al [112]. Spin 
assembly was applied at 3000 rpm to study effect of layer numbers on film thickness. 
With 10 bilayers, 27 nm thick films were achieved, while for 12 bilayers around 34 nm 
film thickness was achieved which reached to 44 nm for 16 bilayers. 3-4 nm thickness 
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was amplified by increasing each bilayer which depicts the promising feature of spin 
coating. 
2.6.3 Effect of Layer Number on Zeta Potential 
Measurement of Zeta potential is performed through a streaming potential analyzer. This 
analyzer investigates the surface charges on the membrane. The quantity of surface 
charge will improve the interaction between the substrate surface and the depositing 
polyelectrolytes [118]. 
Bruening et al [116] investigated the effect of layer numbers on zeta potential by 
depositing PSS/PDADMAC films through dip coating. It was found that on going from 4 
to 5 bilayers on negatively charged polyethersulfone (PES) membrane, zeta potential was 
reduced from -6.86 mV to -1.2 mV. The detailed description behind this, along with its 
effect on performance was not discussed. 
Ouyang et al [73] compared the zeta potential of PSS/PAH and PSS/PDADMAC films 
by depositing them on polyethersulfone membrane. Measurement was done by streaming 
potential analyzer to show that the charge of PEMs surface plays an important role in ion 
separation. KCl solution served as an electrolyte. The bare PES membrane has a potential 
of -18mV. For PSS/PAH layer, zeta potential increased to 25 mV after the first bilayer, to 
30 mV for 2 bilayers, remained constant after 3 bilayers, and decreased to approximately 
22 mV after depositing the fourth bilayer. In case of PSS/PDADMAC films, zeta 
potential increased to 32 mV just after the first bilayer and reached to 35 mV after the 
third and continuously increased to about 37 mV after fourth bilayer. For 
PSS/PDADMAC films, zeta potential always increases by increasing layer number. 
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Moreover, positive zeta potential induced by PDADMAC is always higher than that 
which is induced by PAH. The combined results are shown in Figure 2-15. 
 
Figure 2-15: Comparison of Zeta potential of PSS/PAH (squares) and PSS/PDADMAC (triangles) multilayer 
films along with increasing layer numbers [73] 
Malaisamy et al [119] modified the polyamide membrane by using PDADMAC/PSS. The 
negative zeta potential of −25 mV is a clear sign that unmodified NF270 membrane is 
negatively charged. The number of coating layers has substantial impact on zeta 
potential. The zeta potential turned into +20 mV when one layer of PDADMAC was 
deposited on the substrate, and inverted again to -20 mV by depositing another layer of 
PSS as indicated in Figure 2-16. The zeta potential has repeatedly increased by growing 
number of layers. Greater quantity of negative surface charge is desirable for the studied 
system because when dealing with a mixture of ions, greater magnitude of zeta potential 
will significantly affect the selectivity of ions. 
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Figure 2-16: Effect of PDADMAC/PSS layer number on zeta potential [119] 
Ishigami et al [109] deposited PSS/PAH via LbL method on commercial RO membrane 
to improve its performance. Zeta potential was measured by electrophoretic apparatus by 
adjusting pH of depositing solution at 5.5. A value of –18 mV of original RO membrane 
indicates that it is negatively charged. The zeta potential of the membrane after 2 layers 
was shifted to -30 mV and it moved to +18mV after depositing a third layer. So, the 
surface charge becomes positive each time after depositing PAH and returns to negative 
after adsorption of PSS. For 6 and 8 bilayers, zeta potential remain almost same (-16 mV) 
which is higher than the base membrane as shown in Figure 2-17. 
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Figure 2-17: Effect of PSS/PAH multilayer films on zeta potential [109] 
2.6.4 Effect of Layer Number on Contact Angle 
In order to attain hydrophilic surface, low value of contact angle is required. By 
increasing the number of layers, contact angle decreases which in turn enhance the 
hydrophilicity of membranes.  
Char et al [120] studied the wetting behavior of multilayer films by measuring contact 
angle. They deposited hydrophobically modified PEO/PAA on silicon wafers by using 
dip and spin LbL methods. For dip assembly, contact angle increased to a maximum level 
of 90
o
 for 26 layers and then fell down to 35
o
 after 40 layers. It eventually dropped to less 
than 10
o
 for 52 layer pairs. However, for spin-assisted films, advancing contact angle 
remains comparatively constant and vary between 70-80
o
 when layer number increased 
from 20 to 52. It was concluded that there is a limit of layers -in case of dip coating- 
above which the surface became rough. However, uniform layers with smooth surface are 
generated from spin assisted LbL coating. 
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Kochen et al [121] modified the polyether sulfone ultrafiltration membranes by 
alternately depositing PEI and PSS. Contact angle of modified membrane was determined 
after PEI coating by using dynamic Wilhelmy method. The unmodified PES substrate has 
advancing angle of 65
o
 which decreased to 52
o
 by deposition of PEI. The decrease in 
contact angle shows that the surface has become more hydrophilic after coating. 
Malaisamy et al [108] modified the polyamide membrane by using PDADMAC/PSS pair 
of polyelectrolytes. A goniometer was used to check the hydrophilicity of the modified 
surfaces by measuring the contact angle. The unmodified membrane possesses a contact 
angle of 32
◦
 indicating that surface is already hydrophilic. After depositing the first layer 
of PDADMAC, contact angle increased to a value of 65
◦
 indicating that surface has 
become less hydrophilic. A drop in contact angle to 25
o
 was observed after 5 bilayers, as 
indicated in Figure 2-18. Then, an increase in hydrophilicity was detected with 6 and 8 
bilayers. This increased hydrophilicity is attractive while dealing with aqueous 
separations. Therefore, it was concluded that PDADMAC terminated films make the 
surface hydrophobic but hydrophilicity is achieved by PSS terminated films. 
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Figure 2-18: Effect of PDADMAC/PSS layer number on contact angle [109] 
PSS/PAH pair of polyelectrolytes were used to modify a commercial RO membrane via 
LbL method [109]. To evaluate membrane surface hydrophilicity, air bubble contact 
angle was measured. It is shown in Figure 2-19 that as the layer number increased, 
contact angle also increased. Air bubble contact angle of unmodified RO membrane was 
80
o
 and increased to 85
o
 after 2 bilayers. Thus, the modified surface becomes more 
hydrophilic by growing the layer number. More hydrophilicity was achieved when 
contact angle approached to 100
o
 by coating 10 bilayers. The reason of increased 
hydrophilicity is that polyelectrolytes are water soluble substances and they form loops 
and tails which also increase surface charge density. This rise in surface charge density 
contributes in the hydrophilicity of the membrane.  
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Figure 2-19: Effect of PSS/PAH multilayer films on contact angle [109] 
Wang et al [122] studied the behavior of seawater (SW30) and brackish water (BW30 
LE) polyamide RO membrane by depositing just two PEG acrylate multilayers. Seawater 
of unmodified membrane has a contact angle of 63
o
 which decreased to 52
o
 and 41
o
 after 
coating one and two bilayers respectively. Brackish water unmodified membrane has 
contact angle of 42
o
 which decreased to 25
o
 and 24
o
 after deposition of first and second 
bilayer accordingly. Higher contact angle designates higher hydrophobicity of membrane 
surface. However, in both cases, contact angles of the modified membranes are lower as 
compare to virgin membrane. Though, the improvement is less observed in case of 
brackish water membrane. Overall, the surface showed better hydrophilicity as the 
number of deposited bilayers increased.  
The hydrophilicity of PSF membrane was investigated when modified by 60 and 120 
bilayers of PAH/PAA [111]. A goniometer was used to measure contact angle through 
sessile drop method. The measured contact angle of the membrane after 60 bilayers was 
35.48
o
, while it was 34.53
o
 after 120 bilayers. The decrease in value was markedly 
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observed after 60 bilayers as compare to bare PSF substrate that has a contact angle of 
79.8
o
. However, no substantial variation was observed when number of layers increased 
from 60 to 120 bilayers. Overall, the surface became smoother and more hydrophilic after 
polyelectrolyte deposition. Modified multilayers contact angle was also compared with 
commercial seawater membranes as shown in Table 2-2. 
Table 2-2: Effect of PAH/PAA layers on contact angle and roughness [111] 
Membrane type Contact angle (degree) RMS roughness (nm) 
[PAH/ PAA]60 35.48 ± 6.38 11.26 ± 1.80 
[PAH/PAA]120 34.53 ± 3.48 10.33 ± 1.58 
PSF 79.81 ±  8.51 28.18 ± 4.73 
Hydronautics SWC 96.05 ± 4.35 136.56 ± 15.95 
Hydronautics ESPA 46.23 ± 4.07 103.67 9.98 
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2.6.5 Effect of Layer Number on Roughness 
Decreasing the membrane surface-roughness is an effective method to control the 
membrane fouling. Using LbL polyelectrolyte deposition, the rough ridge and valley 
surface of the membrane will be covered and the surface roughness will be decreased. 
Seo et al [117] studied the surface roughness of multilayer films by depositing 
hydrophobically modified PEO/PAA on silicon wafers by using dip and spin LbL 
methods. It was found that with dip coating, roughness increased from nanometers to 
micrometers with increasing layer numbers. Interestingly, roughness increased too much 
after 26 pairs of layers as shown in Figure 2-20. However, with spin assembly roughness 
remains almost constant with increasing number of layers. This small surface roughness 
shows that the temporary aggregation of polyelectrolytes chains is suppressed for spin 
coating. However, this micelle formation was prominently observed in the dip method. 
Therefore, spin assisted assembly of polyelectrolytes provided smoother films. 
 
Figure 2-20: Effect of PEO/PAA layer number on roughness [117] 
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Xu et al [123] prepared multilayered film on PAN ultrafiltration membrane through 
dynamic LbL assembly. The surface roughness was studied after depositing the 
copolymer PSS co-maleic acid along with PAH and PSS. The average roughness for one 
bilayer was approximately 7.2 nm but increased to 21.95 nm with 2 bilayers. Maximum 
roughness observed was 41.66 nm with 4 bilayers. Since hydrophilic surface is 
advantageous for improving the fouling resistance, the membrane with lower bilayer 
number showed better performance in terms of salt rejection and flux.  
Kentish et al [110] studied the roughness  behavior of polyamide reverse osmosis 
membrane after deposition of  PEG acrylate multilayers. After the AFM analysis, it was 
revealed that with one bilayer coating roughness increased to 52 nm and remains constant 
even after 2 bilayers. However, the virgin membrane roughness was 42 nm. Therefore, 
polyethylene glycol multilayers didn’t improve roughness in this case. This might be due 
to low number of deposited layers or due to formation of thin films. 
Ishigami et al [109] deposited PSS/PAH on commercial RO membrane through layer by 
layer method. They found that the number of layers has significant effect on the 
roughness. The roughness of original RO membrane was 54.9 nm. After 6 bilayers, it 
decreased to 44 nm and continued to decrease to 34.8 nm with 12 bilayers. These results 
indicate that roughness is inversely proportional to the number of layers. Therefore, 
morphology of this smooth surface is projected to enhance the antifouling potential of 
modified membranes. 
The SEM images of base and modified membranes are presented in Figure 2-21 [109]. It 
is obvious that the surface becomes smoother by increasing the layers number. 
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Membrane surface is covered with thin layer when it is deposited with 6 layers (B1), but 
with 12 layers the membrane surface is more covered with polyelectrolytes which  makes 
the membrane surface smoother (C1).  
 
Figure 2-21: SEM image of base membrane (A1), 6 layered (B1) and 12 layered (C1) membrane [109] 
The rough valley parts of the membrane are filled with the polyelectrolyte deposition and 
it is confirmed with AFM images as shown in Figure 2-22 [109]. 
 
Figure 2-22: AFM images of base membrane (A), 6 layered (B) and 12 layered (C) membrane [109] 
Effect of layer number  on surface roughness was investigated by depositing 60 and 120 
bilayers of PAH/PAA on membrane with spin assisted layer by layer assembly [111]. 
AFM images showed that bare substrate has roughness of 28.18 nm which decreased to 
11.26 nm after 60 bilayers. When the number of layers was increased to 120, roughness 
decreased further to 10.33 nm. The surface roughness decreased significantly due to large 
number of layers on the substrate which also enlarged its thickness.   
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2.6.6 Effect of Polyelectrolyte pH on Film Thickness 
pH of depositing polyelectrolyte solution has pronounced effect on multilayer film 
thickness. Depending upon the type of polyelectrolyte, increase in pH either produces 
thick or thin films since each polyelectrolyte has its specific charge density and distinct 
dependence of pH on ionization state. 
Bruening et al [124] studied effect of pH on film thickness by depositing polyelectrolyte 
multilayers on porous alumina including PAA/PAH and PAA/PDADMAC. Dip coating 
was used to construct these layers. Film thickness was measured by ellipsometry. When 
the pH of each depositing solution was adjusted to 4.5, the film thickness was 51.7 nm 
after 4 bilayers of PAA/PAH. However, upon changing the pH to 7.0, the film thickness 
decreased 77% and dropped down to 11.9 nm.  By increasing the pH of solution, surface 
charge density increased and degree of ionization of both PAA and PAH increased from 
65% to 80%. In case of 5 bilayers of PAA/PDADMAC, the film thickness was 37.2 nm 
at a pH of 4.5. In addition, the flux was greater than PAA/PAH films, however the sulfate 
rejection declined. Thickness decreased significantly to 4.3 nm when the pH increased to 
7.0. Although, flux was high but rejection was too low as film was very thin. It was 
concluded that separation is greatly affected by of multilayer film thickness and the pH of 
the polyelectrolyte solutions. 
Tieke et al [125] alternately deposited the polyvinyl amine and Hexacyclen trisulfate on 
porous polymer support and investigated effect of pH on film thickness. Measurement 
was recorded for 12 bilayers. Film thickness of 5 to 6 nm was achieved at pH 2 and 4. 
Thickness continued to increase with the pH of dipping solutions.  When the pH changed 
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to 6.0, the thickness of film increased to 10 nm and further increased to 20 nm at pH of 
8.0. The reason of increased thickness is that PVA is partly protonated at higher pH and 
to counterbalance the previously adsorbed carboxylate groups of Hexacyclen trisulfate, 
additional PVA has to be deposited.  
The performance of PAH/PAA modified films can by controlled through the thickness of 
films via tuning the pH of polyelectrolyte solutions  [112]. Ellipsometry was used to 
measure film thickness. At low pH of PAH and high pH of PAA comparatively thin films 
are generated as shown in Figure 2-23.  
 
Figure 2-23: Effect of PAA/PAH pH on film thickness [112] 
For example, 3.5 pH of PAH and 9.0 pH of PAA yield almost 2 nm thick films. 
Thickness increased to approximately 10 nm when pH of 9.0 for PAH was used along 
with pH of 3.5 for PAA. This decrease in thickness was due to the strong effect of pH on 
the degree of ionization of both polyelectrolytes. In addition, earlier adsorbed layer has to 
neutralize the new adsorbed layer to attain optimum thickness. 
Hong et al [126] deposited PSS/PDADMAC on porous alumina support for selective 
removal of phosphate ions. Results revealed that flux and rejection are strong functions of 
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pH. By increasing the pH from 5.6 to 7.0, flux remained constant at 2.2 m
3
/m
2
.day but 
rejection increased from 85.6 to 90.8 %. Further increase in the pH to 8.4, flux slightly 
increased to 2.4 m
3
/m
2
.day but rejection increased to 98.3 %. A little rise in flux is due to 
the fact that both are strong polyelectrolytes and charge density doesn’t vary largely with 
pH. 
2.6.7 Effect of Polyelectrolyte Coating on Membrane Fouling 
In 2007, Aravind et.al [120] fabricated a novel ultrafiltration membrane by modifying the 
surface of micro filtration membrane using CHI/PSS polyelectrolyte pair. They 
performed the fouling study using BSA with modified membranes at a pressure of 10 Psi 
by varying the number of bilayers.  It was found that protein rejection increased with 
increase in layer number but flux decreased. With 5 bilayers, 11 % rejection of BSA was 
found with flux of 16 m
3
/ (m
2
.day) which increased to 72% for 7 bilayers. Maximum 
rejection of 94.7 % was resulted for 9 bilayers with flux of 0.49 m
3
/ (m
2
.day). This study 
points out that proteins can be filtered by depositing few bilayers of polyelectrolyte on 
micro filtration membrane. 
In 2009, Wang et al [106] investigated antifouling ability of composite membrane by 
depositing SPEEK/ PEI (branched) on hydrolyzed membrane. Performance of prepared 
membrane with 3 bilayers was analyzed by dead end filtration system using model 
foulant such as humic acid (HA), bovine serum albumin (BSA), and sodium alginate 
(SA). Foulants were tested individually using 2000 mg/L NaCl solution with 1000 mg/L 
foulant solution at 13.79 bars and room temperature. Figure 2-24 shows that 
polyelectrolyte multilayered membrane demonstrated nearly constant performance in 
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terms of normalized flux (flux/initial flux) with time, whereas commercial NTR 7450 
membrane showed a slight flux drop during filtration. It was anticipated that improved 
fouling resistance is the result of hydrophilic ionic crosslinks that were present in PEMs. 
Similar observation was recorded in case of humic acid and sodium alginate. Contact 
angle and surface roughness were not studied to further explore the antifouling 
characteristics.  
 
Figure 2-24: Fouling performance using BSA as foulant [106] 
Kentish et al [110] studied the fouling behavior of modified polyamide reverse osmosis 
membrane by depositing Polyethylene glycol acrylate multilayers. Fouling tests were 
executed with artificial feed composition of 30.83 g/L NaCl and 1.11 g/L CaCl2. 
100 mg/L of sodium alginate was added as a model foulant. Three experiments with dead 
end filtration were performed at 800 psi for 3 hours. Before fouling, the flux of a two-
bilayers-modified membrane was 112 L/m
2
.h which somehow remained constant after 
the first run. However, for second and third run a slight drop in flux (110 L/m
2
.h) was 
observed. AFM analysis revealed that there was no improvement in the surface roughness 
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after 2 bilayers deposition but the contact angle decreased to 41
o
 as compared to un-
coated membrane with contact angle of 63
o
. Therefore, increased hydrophilicity was the 
major justification for improved fouling resistance. It can be seen in Figure 2-25 that 
coated membranes are capable of maintaining water flux even after three runs, which is 
an indicator of their enhanced fouling resistance. Moreover, two bilayers modified 
membrane is better in terms of flux as compare to one bilayer membrane.  
 
Figure 2-25: Water Flux at 800 Psi before and after fouling  
Ishigami et al [109] deposited PSS/PAH on commercial RO membrane to investigate 
antifouling resistance. It was anticipated that increased hydrophilicity and decrease in 
roughness will improve the fouling resistance. For this purpose, filtration experiment was 
performed for 120 min with BSA solution. From the relative permeability as shown in 
Figure 2-26, it is clear that antifouling ability is upgraded with increase in layer number. 
Since BSA is negatively charged with isoelectric point of 4.8 [127] and from the zeta 
potential of -40 mV, it was confirmed that modified membrane with 4 bilayer is highly 
negatively charged. Therefore, the electrostatic repulsion also contributes in improving 
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fouling resistance. Moreover, it is clear that 4 bilayers are optimum in this case as it gave 
the highest flux in fouling conditions. 
 
Figure 2-26: Effect of layer number on Permeability under 120 minutes BSA filtration experiment [109] 
2.6.8 Effect of Operating Pressure on Permeability 
During cross flow experiments, operating pressure has significant effect on permeation 
performance. By increasing the operating pressure, water molecules diffuse faster and 
flux increase linearly. This increase in flux with pressure is in accordance with Darcy’s 
law. However, salt rejection follows solution diffusion mechanism and it also increase 
with pressure [128]. 
Tieke et al [129] studied the effect of operating pressure for PVA/PVS films. 
Investigations were carried out for reverse osmosis conditions up to 40 bars with different 
salt concentrations. Increasing the operating pressure from 5 to 20 bar, the monovalent 
(Na
+
) rejection improved from 84 to 92% however at 40 bar, rejection turned up to 
93.5%. In case of divalent ions (Na
+2
), analogous linear increasing trend of flux and 
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rejection observed with operating pressure [130]. Tieke et al [125] confirmed this 
observation in a separate study where they used different polyelectrolyte pair of 
Hexacyclen trisulfate/PVA. 
Deng et al [123] prepared multilayered film on PAN membrane through dynamic LbL 
assembly. They used copolymer PSS co-maleic acid along with PAH and PSS. 
Experiments were performed at 1000 mg/L Na2SO4 in cross-flow permeation cell with 
pressure from 2 to 8 bars. Figure 2-27 shows that increasing the pressure from 2 to 4 bars; 
permeate flux increased from 30 to 59 L/m
2
.h but rejection approximately remained 
constant to 90 %.  
 
Figure 2-27: Effect of operating pressure on permeation performance [123] 
Similar increasing trend was observed at 8 bar when flux increased to 108 L/m
2
.h 
accompanied by constant Na2SO4 rejection. This observation is in accordance with earlier 
study of Deratani et al [115] who prepared CHI/ALG on cellulose acetate membrane. 
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Permeation experiments were performed at pressures up to 14 bars. It was demonstrated 
that increasing the pressure from 2 to 14 bar, pure water flux amplified linearly from 5 to 
41 L/m
2
h. Therefore, irrespective the nature of substrate and type of polyelectrolyte used, 
flux increased linearly with the operating pressure. 
Farid et al [111] performed the permeation test in cross flow apparatus to investigate the 
RO performance of PAH/PAA modified ultrafiltration membrane. Performance was 
examined with a solution of 2000 ppm salt concentration and a pH of 6.0. The pressure 
study confirmed that water flux increases linearly with pressure. At 300 psi, the flux was 
7 L/m
2
.h with 56 % salt rejection. However, by increasing the pressure to 600 psi, flux 
approximately increased to 15.7 L/m
2
.h with an increase in salt rejection to 65 % as 
displayed in Figure 2-28. 
 
Figure 2-28: Effect of operating pressure on permeation performance of PAH/PAA multilayer films [111] 
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3 CHAPTER 3 
RESEARCH METHODOLGY 
3.1 Approach 
Layer by layer assembly has been used to deposit polyelectrolytes on the reverse osmosis 
polyamide membrane. This method is selected due to its simplicity and controllability of 
film thickness. Design expert software with Box-Behnken Model was used to get the 
required number of experiments. The selected input range for number of layers is 5-50, 
pH is from 4-8 and the polyelectrolyte concentration is in the range of 20-200 mg/L. 
After successful deposition, several characterizations were performed to analyze the 
prepared membranes. After experiments, analysis has been done to investigate the effect 
of input parameters on performance of membranes. Design of experiments has been 
applied to optimize the operating conditions such as number of layers, pH and 
polyelectrolytes concentrations. 
3.2 Materials and Reagents 
3.2.1 Polysulfone 
Polysulfone pellets with molecular weight of 35 kDa were purchased from Sigma-
Aldrich and used for membrane casting as a base polymer. It is a thermoplastic polymer 
with formula of (C6H4C(CH3)2C6H4OC6H4SO2C6H4O)n and known for its toughness. It 
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remains stable even at high temperatures and pH. It can be used as a filtration media 
[131]. 
 
 
3.2.2 Di (methylacetamide)  
Di (methylacetamide) which is the organic compound with the formula C4H9NO was 
purchased from Sigma-Aldrich. This colorless and high boiling liquid is miscible in water 
and commonly used as a polar solvent in organic synthesis. It was used to dissolve 
polysulfone pellets for preparation of polysulfone base membrane. It is an ideal solvent 
for preparing polysulfone membrane [132] .It has a boiling point of 166 
o
C with a density 
of 840 kg/m
3
. 
 
 
 
Dimethylacetamide
e 
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3.2.3 Polyester fabric 
Polyester non-woven fabric support [Novatexx – 2413] was purchased from 
[Freudenberg Filtration Technologies (Germany)]. It is comprise of 100 % polyester 
fiber. The fabric was in the form of sheets and was used as support during casting of 
polysulfone membrane. 
3.2.4 Deionized water  
Millipore deionized water (18MΩ.cm resistivity) was used throughout the research. It 
served as non-solvent in coagulation bath during preparation of polysulfone base 
membrane. DI water was used as a solvent for M-phenylene diamine. It was also used for 
cross flow filtration experiments. Moreover, all the membranes were stored in deionized 
water after preparation or modification. 
3.2.5 Sodium Hydroxide 
Sodium hydroxide (>97%) was purchased in the form of white pellets from Sigma-
Aldrich. It has a formula of NaOH with molecular weight of 40 g/mol. It is easily soluble 
in water and was used as pre-treatment of polysulfone membrane before preparing thin 
layer of polyamide membrane. Its purpose was to remove any impurities from the 
polysulfone membrane and to enhance its hydrophilicity. 
3.2.6 Meta Phenylene diamine 
Meta Phenylene diamine, MPD, (>99%) has formula of C7H10N2 was purchased from 
Sigma-Aldrich. It is also known as 1, 3-diamino-benzene from its IUPAC name. It was 
used in preparation of polyamide membrane by means of interfacial polymerization. It is 
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a water soluble monomer having molecular weight of 122.2 g/mol along with high 
boiling point of 123.5
O
C [133]. 
3.2.7 Trimesoyl Chloride  
Trimesoyl chloride, TMC, (>98%) has formula of C6H3(COCl3) was purchased from 
Sigma-Aldrich. TMC is also known as benzene-1,3,5-tri carbonyl chloride. It was used in 
preparation of polyamide membrane along with Meta phenylene-diamine (MPD) through 
interfacial polymerization. It is soluble in organic solvents like hexane and toluene. It has 
molecular weight of 265.48 g/mol with boiling point of 180
O
C. 
 
 
 
 
 
 
 
 
 
 
 
Meta Phenylene Diamine 
Trimesoyl chloride 
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3.2.8 Hexane 
Hexane (>95%) was purchased from Sigma-Aldrich having molecular weight of 86 
g/mol. It was used as solvent for tri-mesoyl chloride and also served as rinsing agent after 
preparation of polyamide membrane. It is has formula of C6H14 with boiling point of 
68
o
C. 
3.2.9 Poly (Ethylene Imine)  
Poly (Ethylene Imine) has linear formula of H(NHCH2CH2)nNH2 and it is also named 
aziridine. PEI with molecular weight of 25,000 g/mol (< 1 % water) was obtained from 
Sigma Aldrich.  
PEI is branched polyamine with high charge density. It is a hydrophilic polymer and 
soluble in water. It was used as a polyelectrolyte to provide a compatible coating on 
polyamide membrane. It has density of 1.030 g/mL and viscosity of 13,000-18,000 [134]. 
3.2.10 Poly (allyl amine hydrochloride)  
Poly (allyl amine hydrochloride), has formula of C3H8ClN and it is also named as prop-2-
en-1-amine hydrochloride. PAH with molecular weight of 120,000-180,000 g/mol was 
obtained from Sigma Aldrich in the form of white solid. It is a cationic hydrophilic 
polymer and is soluble in water. It was used as a coating solution on existing polyamide 
membrane. 
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3.2.11 Sodium Chloride 
Sodium Chloride (>99.5%) was purchased from Sigma Aldrich in the form of white 
powder. Its formula is NaCl with molecular weight of 58.5 g/mol. It was used in 
membrane testing to introduce artificial saline conditions at a certain concentration. 
3.2.12 Bovine Serum Albumin 
Bovine Serum Albumin, BSA, with molecular weight of 66 kDa and pH of 7 was also 
purchased from Sigma Aldrich. It is a globular protein with isoelectric point of 4.7 and is 
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soluble in water. It was used at certain concentration during investigation of fouling of 
the prepared membranes. 
3.2.13 Sodium do-decyl sulphate 
Sodium dodecyl sulfate, SDS, (>99%) is an organic compound with the formula 
CH3(CH2)11SO4Na was purchased from Sigma Aldrich. It has a molecular weight of 
288.38 g/mol and it is soluble in water. It was used in Poly (Ethylene Imine) solution to 
produce a defect free substrate by enhancing binding with charged Poly (Ethylene Imine) 
[135]. 
3.3 Preparation of Polysulfone Support 
Polysulfone pellets were dried in an oven overnight at 1100C to remove any moisture or 
absorbed water vapor. The 20 wt. % solution of polysulfone was prepared in di-
methylacetamide (DMA) in an Erlenmeyer flask. The flask was put onto magnetic stirrer 
for 6 hours after maintaining the temperature at 600C. After 6 hours, dissolution of 
polymer was completed and clear transparent liquid was left in an open atmosphere for 
24 hours to remove any air bubble present in solution. The non-woven fabric was placed 
on the glass plate of dimensions (25.70 cm by 22.80 cm) and attached by using double 
sided tape. Before casting, fabric was made firmly straight, so that there is no gap or air 
bubble left on the surface. Solution casting was done at ambient temperature with 
constant shear rate of 15.6 mm/s and constant thickness of 150 µm. Polysulfone solution 
was poured and casted while using casting blade. Casting blade is shown in Figure 3-1 
that is used in preparation of support. After casting, the prepared polysulfone membrane 
was immediately immersed into coagulation bath at ambient temperature for 1 day to 
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complete the phase inversion process. The de-ionized water served as a non-solvent in 
water bath that is required for phase inversion process. After that, polysulfone base 
membrane was stored in fresh de-ionized water till further use [136], [137]. 
 
 
Figure 3-1: Casting blade for preparation of polysulfone support 
 
3.4 Preparation of Thin Film Composite Polyamide Membrane 
Polysulfone support was kept in sodium hydroxide solution overnight. 2 wt. % solution 
of MPD was prepared by dissolving in de-ionized water. TMC solution of 0.15 wt. % was 
prepared in hexane and left on stirring for 3 hours. Interfacial polymerization was used in 
synthesis of active polyamide layer by means of dip coating. Polysulfone support, taped 
to glass plate was allowed to contact with MPD solution for 10 minutes and then excess 
solution was removed by using rubber roller. After rinsing, it was dipped in TMC 
solution for 30 seconds to complete the reaction for synthesis of polyamide layer. Hexane 
was used as rinsing agent to remove unreacted/excess TMC solution. This, polyamide 
membrane then, kept in an oven for 10 minutes at 70
o
C, to increase the cross-linking. 
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Finally, the Polyamide membrane was stored in DI water till further use [46] [138]–
[140]. 
3.5 Layer by Layer Modification of TFC Membrane by 
Polyelectrolytes 
Layer by layer deposition technique involved in consecutive deposition of dilute 
polyelectrolyte solutions. Drying and rinsing is done after depositing each polyelectrolyte 
solutions. Polyamide membrane was dried under ambient conditions and cut in 8*8 cm
2
 
size. The pre-cut membrane was placed on a glass plate by using double sided tape. Spin 
grower of Absolute Nano Inc. was used to build multilayer film.  Glass plate with 
membrane was placed on spinning support of spin coater. The plate was grasped by 
applying vacuum through vacuum pump. Spinning rate of 1000 rpm was fixed by using 
G3P software, installed in the same system. The deposition, drying and rinsing time along 
with number of layer to be deposited was adjusted through spin grower software. They 
were remained constant for all set of experiments. Now everything was established and 
spin coater was started. Once, it reached to the desired speed of 1000 rpm, coating was 
started by giving signal to spin grower control. PEI was deposited first, at a flow rate of 
0.4 mL/s for 10 seconds, followed by drying for 15 seconds. This dried film was rinsed 
with deionized water, to remove weakly bound/attached polyelectrolyte at a flow rate of 
0.4 mL/sec for 10 seconds and then drying for 15 sec. PAH was deposited in the same 
way and the cycles were repeated till the desired number of layers was coated. 
 
66 
 
 
Figure 3-2: Spin coating set up for polyelectrolyte deposition 
3.6 Design of Experiments 
Design-Expert 8.0.10 trial software (Stat-Ease Inc., Minneapolis, USA) was used in this 
study to generate the set of experiments. Box-Behnken Model with four numeric factors 
and one center point was used to generate the design. The selected factors include the 
number of layers, pH and the concentration of both polyelectrolytes. After the 
experimentation, all the responses were inserted in the model and analysis was done. 
Analysis of variance (ANOVA) was performed to compare the magnitude of errors 
between the estimated and experimental data. Model was developed for each response 
with its significant influencing factors. In the end, optimization was performed on the 
basis of ANOVA analysis. 
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3.7 Characterization 
3.7.1 Scanning Electron Microscopy 
The surface morphology of membranes was studied by Field Emission Scanning Electron 
Microscopy (FE-SEM). TESCAN Scanning Electron Microscopy (Model JSM6400) as 
shown in Figure 3-3, operated with 20 kV was used to analyze the membrane samples. 
Before analysis, 1 mm membrane sample was coated with gold by using sputtering 
machine (Quorum Q150R S) to make the surface conductive. It was then studied under 
various resolutions ranging from 2 µm to 200 nm. To measure the cross section 
thickness, membrane was fractured by liquid nitrogen. Sample was dipped in liquid 
nitrogen for 1 minute and then cut by using sharp knife and hammer. It was then gold 
coated and analyzed in similar way using FE-SEM. 
 
Figure 3-3: TESCAN FE-SEM used in this study 
68 
 
3.7.2 Contact Angle 
The extent of wettability of membrane surface was studied by measuring contact angle. 
Sessile drop contact angles were measured by DM-501 device (Kyowa Interface Science 
Co.) as shown in Figure 3-5. Dry membrane sample of at least 2cm*2cm was taped to 
glass slide using double sided tape. It was made firmly straight to get the exact 
measurement. Then, 2 μL of deionized water droplet was fallen from syringe on the 
membrane. The angle formed from the tangent of water droplet at liquid-gas interface 
with the solid surface (liquid-solid interface) was then calculated as shown in Figure 3-4. 
Contact angle was measured at 5 different locations of membrane and then reported as an 
average contact angle.  
 
 
 
Figure 3-4: Schematic diagram of contact angle measurement 
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Figure 3-5: Contact angle DM-501 
 
3.7.3 Atomic Force Microscopy 
The membrane surface roughness was studied using atomic force microscope. Veeco 
Metrology Nano scope IV as shown in Figure 3-6, with Dimension of 3100 SPM was 
used to study the surface topography of layer by layer membrane samples. Dry membrane 
sample of at least 2cm*2cm was taped to glass slide using double sided tape. These dried 
samples were scanned in tapping mode at room temperature in air using RTESP tip 
(Veeco) with spring constant of 20-80 N/m. The roughness was measured over 5×5 μm 
scan size and assessed in terms of average roughness (Sa) at three different locations. 
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Figure 3-6:  Nano scope IV AFM 
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3.7.4 Fourier Transform Infra-Red 
FTIR was used to investigate the functional groups of layer by layer polyelectrolyte 
membrane surface. The iTR-FTIR Nicolet 6700 Model (Thermo scientific) as shown in 
Figure 3-7 was used for the analysis. It was operated in Attenuated Total Reflectance 
(ATR) mode without any special sample preparation.  The penetration depth into 
membrane sample was between 0.5 and 2 micrometers. The phenomenon of total internal 
reflection is occurred in ATR mode in which a beam of infrared light is passed through 
the ATR crystal. This beam is reflected off from the internal surface in contact with the 
membrane sample and the wave is then recorded and analyzed for further study. 
 
Figure 3-7: FTIR Nicolet 6700 Model (Thermo scientific) 
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3.7.5 Thermogravimetric Analysis 
Thermo-gravimetrical analysis (TGA) was used to investigate the thermal stability of 
LbL membrane samples. TA instrument SDT Q600 as shown in Figure 3-8 was used for 
the analysis in nitrogen environment for temperature range of 25 
o
C to 900
 o
C. Heating 
rate of 10 
o
C per minute was maintained with nitrogen flow rate of 100 mL/min. Alumina 
pan was tarred and 5 mg membrane sample was used without any further preparation. 
The analysis was obtained in terms of thermo grams and reported. 
 
Figure 3-8: TGA instrument SDT Q600 
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3.7.6 Membrane Testing 
The filtration experiments were conducted in a cross flow apparatus using Sterlitech CF-
042 membrane cell with an effective membrane area of 42 cm2. The test unit was 
consisted of a feed tank, chiller, pump, bypass and control valves, membrane assembly 
and pressure gauges. Membrane assembly is shown in Figure 3-11. The filtration 
experiments were performed at temperature of 23±2 0C which was controlled using 
chiller (Proline RP 1845, Lauda). The polyelectrolyte modified membrane was cut in 
dimensions of 9.2 cm*4.57 cm and then installed in the membrane assembly. Pressure 
was increased gradually to reach the final value of 15 bars. Pure water flux was measured 
for 2 hours with 20 minutes interval. 2000 ppm NaCl concentration was used to test at 
brackish water conditions. The saline conditions were also studied for 2 hours of 
continuous operation. The schematic diagram is shown in Figure 3-9. 
Water flux was calculated by using following relation; 
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NaCl rejection was calculated by the following relation: 
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Figure 3-9: Schematic diagram of cross flow setup 
To investigate the antifouling characteristics, BSA solution of 100 mg/L concentration 
was used at pH 7.0. Above iso-electric point of protein (pH=4.7), the interaction between 
protein and membrane surface is relative weak and rejection is higher as both protein and 
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membranes are negatively charged (repulsive). Brackish water conditions of 2000 ppm 
NaCl concentration along with 15 bar pressure was also maintained as was in the 
previous case. Experiment was run for 3 hours of continuous operation and flux was 
recorded after interval of 20 minutes. After that, membrane was rinsed with pure 
deionized water for 1 hour to examine the flux recovery of each membrane. Experimental 
cross flow set up is shown in Figure 3-10. 
Flux loss was calculated as; 
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Figure 3-10: Cross flow filteration set up 
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Figure 3-11: Membrane Assembly CF042 
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4 CHAPTER 4 
Design of Experiment 
4.1 Experiment Layout by Design Expert 
Box-Behnken Model with four numeric factors and one center point was used to generate 
the design. The selected factors include the number of layers, pH and the concentration of 
both polyelectrolytes. The input values with their codes are given in table and design 
expert layout is also shown in figure below. The lowest input is given code of -1 and +1 
indicates the maximum input value, whereas, zero is the midpoint for all the input. 
 
Figure 4-1: Box Behnken layout from Design Expert 
The complete design layout of all the experiments along with their input values is given 
in Table 4-1. After performing all the experiments, the obtained responses were put 
against each run as shown in Table 4-2. 
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A second-order model was selected to describe the responses as a function of the coded 
factors: 
       ∑    
 
   
  ∑     
 
 
   
  ∑ ∑    
 
     
   
   
      
In this equation, Yi is the predicted response (pure water flux, saline water flux, rejection, 
and flux after fouling, recovery flux, and contact angle), bo is the intercept term, linear 
and second order polynomial coefficients are represented by bi and bii respectively. 
Interaction terms are given by bij whereas xi and xj are the coded independent variables. 
The relationship between the coded factors and the actual values are given by the 
following equations; 
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Table 4-1: Experiment Layout from Design Expert 
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Table 4-2: Response against each experiment run 
 
 
Now, each response is discussed individually based on Quadratic polynomial model for 
ANOVA study. 
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4.2 Pure Water Flux 
4.2.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 0.85, close to 1 which is 
acceptable [141]. This explains that only 14.77 % of the overall variablity is not 
explained by this model.  
The Model F-value of 5.77 suggests that model is significant. The significance of model 
terms was indicated by Values of "Prob > F".  p value less than 0.0500 indicates that 
model terms are significant. In the case of pure water flux,  A and C are significant terms. 
Values greater than 0.1000 indicate the model terms are not significant. The "Lack of Fit 
F-value" of 3.77 implies the Lack of Fit is not significant relative to the pure error. "Adeq 
Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable and  here 
ratio of 9.386 indicates an adequate signal.  In short, this model can be used to study the 
design space. ANOVA summary for pure water flux is given in Table 4-3. 
Model Equation in Terms of Actual Factors 
 
                
 
     
 
                                                
                                                
                                               
                                             
                                                 
                             
By ignoring insignificant terms, model is reduced to a better expression as follows; 
               (
 
     
)                                      
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Table 4-3: ANOVA summary for pure water flux 
 
 
4.2.2 Graphical Residual Analysis 
Residual analysis is a significant and effective model validation test method. It was used 
to check the suitability of the constructed model. Figure 4-2 shows the predicted values 
versus actual values of pure water flux. It can be seen that predicted flux values were 
close to the actual experimental values with a little deviation of few points. This indicates 
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that developed model was fruitful in capturing the relationship between the input 
variables and the output of flux. 
 
Figure 4-2: Predicted versus actual pure water flux 
 
Validation of the Box Behnken design model was based on the residuals. The calculation 
of residual indicates the observed value of the response/flux less than the predicted flux 
value. Figure 4-3 shows the normal plot of residuals. Since all residuals lie on straight 
line that indicates residuals follow normal distribution. So, there is good correlation 
between the experiment values and the model. 
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.  
Figure 4-3: Normal plot of residuals 
4.2.3 Three dimensional studies for pure water flux 
Figure 4-4 shows the effect of number of layers and pH on pure water flux at fixed 
concentration of 110 mg/L for both polyelectrolytes. It can be seen that low pH and less 
number of layers are favorable for maximum pure water flux. As, less number of layers 
imparts less thickness to the surface that will offer slight resistance to flow. With 5 layers 
and pH of 4, flux has maximum value of 15.11 L/m
2
.hr, keeping the concentration of 
both polyelectrolytes constant at 110 mg/L. When the layer number increased to 50 and 
pH raised to 8 the pure water flux decline to 25.87%. 
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Figure 4-4: Response plot of pure water flux affected by number of layers and pH (PEI=PAH=110mg/L) 
 
Figure 4-5 shows the effect of number of layers and Poly (ethylene) concentration on 
pure water flux at fixed concentration of PAH (110 mg/L) and fixed pH of 6.0. It is clear 
that higher PEI concentration and lower number of layers are resulted in higher pure 
water flux. Higher PEI concentration will add greater hydrophilicity to the surface that 
will definitely promote water flow. Greater concentration will enhance hydrophilic 
functional groups on membrane surface. However, PEI concentration has strong effect on 
pure water flux even at constant pH and layers. By increasing the PEI concentration from 
20 mg/L to 200 mg/L, flux raised to 15.105 L/m
2
.hr from 10.418 L/m
2
.hr, which is an 
increase of more than 31 %. 
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Figure 4-5: Response plot of pure water flux affected by number of layers and PEI concentration (pH =6; 
PAH=110mg/L) 
 
4.3 Saline Flux 
4.3.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 86.30%. This explains that only 
13.7 % of the overall variablity is not expalined by this model. The Model F-value of 
6.30 recommends that model is significant. The significance of model terms was 
indicated by Values of "Prob > F". p value values greater than 0.10 indicate the model 
terms are not significant whereas p value less than 0.0500 shows the significance of 
model. In the case of saline water flux,  A, C and B
2 
are significant terms. 
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The "F-value" of 3.88 implies the Lack of Fit is not significant relative to the pure error. 
"Adeq Precision" measures the signal to noise ratio. Here ratio of 9.417 indicates an 
adequate signal.  So, this model can be used to study the design space. The ANOVA 
summary is given in Table 4-4. 
Table 4-4: ANOVA summary to study response of saline water flux 
 
 
 
Model Equation in Terms of Actual Factors: 
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By neglecting the insignificant terms, model equation reduced to the following 
expression; 
            (
 
     
)
                                                    
4.3.2 Graphical Residual Analysis 
Residual analysis is an effective model validation test method. It was used to check the 
suitability of the model. Figure 4-6 shows the predicted values versus actual values of 
flux during saline conditions. It can be seen that majority of actual values lie close to the 
straight line with a slight deviation of few points. This indicates that developed model 
was fruitful in developing the relationship between the input variables and the saline flux. 
 
Figure 4-6: Predicted versus actual saline flux 
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Validation of the Box Behnken design model was based on the residuals. The calculation 
of residual indicates the observed value of the saline flux less than the predicted value. 
Figure 9 shows the normal plot of residuals for saline flux. Since all residuals lie on 
straight line with mean of zero. This shows that residuals follow normal distribution. So, 
there is decent correlation between the experiment values and the model. 
 
Figure 4-7: Normal probability of residuals 
 
4.3.3 Three Dimensional study for saline flux 
Figure 4-8 shows the effect of number of layers and pH on saline water flux at fixed 
concentration of 110 mg/L for both polyelectrolytes. It can be seen that low pH and less 
number of layers are favorable for saline flux. With 5 layers and 4.0 solution pH; flux has 
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maximum value of 13.14 L/m
2
.hr, keeping the concentration of both polyelectrolytes 
constant at 110 mg/L. When the layer number increased to 50 and pH raised to 8 the 
saline flux declines; either by increasing the one factor, or the other or both. The decrease 
in flux can be explained as a result of additional thickness over the membrane after 
depositing greater number of layers. Greater thickness, will offer more resistance to flow; 
thereby reducing the flux in saline conditions. 
 
Figure 4-8: Response plot of saline flux affected by pH and number of layers (PEI= PAH=110mg/L) 
Figure 4-9 shows the effect of number of layers and PEI concentration on saline water 
flux at fixed pH of 6 and concentration of 110 mg/L PAH. It can be seen that less number 
of layers and high PEI concentration are in favor of higher saline flux. With 5 layers and 
20 mg/L PEI concentration, saline flux was 9.06 L/m
2
.hr whereas at 200 mg/L 
concentration of PEI, flux raised to 14.15 L/m
2
.hr keeping the layers constant. This 
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increase of 35.97 % in saline flux can be explained in terms of increasing smoothness and 
hydrophilicity by depositing higher PEI concentration. However, saline flux decreased by 
increasing the layers even at low and high PEI concentration. 
 
Figure 4-9: Response plot of saline flux affected by number of layers and PEI concentration (pH=6; 
PAH=110mg/L) 
Figure 4-10 shows the effect of pH and PEI concentration on saline water flux at fixed 
number of layers and PAH concentration of 110 mg/L. It is noticeable that higher pH and 
higher PEI concentration are helpful in achieving greater saline flux. At 20 mg/L PEI 
concentration and 4.0 pH, 8.84 L/m
2
.hr saline flux was observed, however (13.4 L/m
2
.hr) 
34 % flux rise was observed at 200 mg/L PEI and 8.0 pH; layer number was constant. 
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Figure 4-10: Response plot of saline flux affected by pH and PEI concentration (layers=27.5; PAH=110mg/L)  
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4.4 Salt Rejection 
4.4.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 85.81%. The Model F-value of 
3.13 recommends that model is significant. The significance of model terms was 
indicated by values of "Prob > F". p value values greater than 0.10 indicate the model 
terms are not significant whereas p value less than 0.0500 shows the significance of 
model. In the case of salt rejection,  A, C
2
 and D
2 
are significant terms. 
"Adeq Precision" measures the signal to noise ratio. Here ratio of 6.746 indicates an 
adequate signal.  In short, this model can be used to study the design space. The ANOVA 
summary is given in Table 4-5. 
 
Final Equation in Terms of Actual Factors: 
 
                   
                                                  
                                                    
                                          
                                       
                                                      
                   
 
By negelecting the insignificant model terms, the expression for salt rejection reduced as 
follows; 
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Table 4-5: ANOVA summary for salt rejection 
 
 
4.4.2 Graphical Residual Analysis 
Residual analysis was used to check the suitability of the model with the experimental 
data. Figure 4-11 shows the predicted values versus actual values of salt rejection. It can 
be seen that predicted values were scattered around the actual experimental values. It 
shows that there was some variability in the data that was not being explained by this 
model. But, still the developed model was productive in developing the comprehensive 
relationship between the input variables and the salt rejection. 
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Figure 4-11: Predicted versus actual salt rejection 
Figure 4-12 shows the normal plot of residuals for salt rejection. Since, all residuals lie 
on straight line except a couple of points. It indicates that residuals follow normal 
distribution.  
 
Figure 4-12: Normal probability of residuals 
96 
 
4.4.3 Three dimensional study for salt rejection 
Figure 4-13 shows the effect of concentration of both the polyelectrolytes on salt 
rejection, keeping the pH and number of layers constant. Clearly, it shows some 
interesting behavior, different as compared to the previous discussion. Similar 
concentration of both polyelectrolytes favors the salt rejection. Moreover, when 
concentration of both polyelectrolytes increased, percentage rejection increases. It can be 
estimated that more compact and dense structure is obtained at these concentrations that 
has increased the salt rejection. For example, at 20 mg/L, salt rejection was 95 % but 
when concentration increase to 200 mg/L for both polyelectrolytes, salt rejection 
increased to 96 %. However, PEI has dominant impact on salt rejection. Salt rejection 
was 90.5% with 20 mg/L PEI but escalated to 96 % by increasing the PEI to 200 mg/L; 
keeping the second depositing polyelectrolyte at constant concentration of 200 mg/L in 
both conditions. 
 
Figure 4-13: Response plot of salt rejection affected by PAH and PEI concentration (layers=27.5; pH=6) 
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Figure 4-14 shows the contour plot of salt rejection affected by number of layers and 
PAH concentration. It can be seen that increase in the layer number has profound effect 
on salt rejection as compared to increase of PAH concentration. 90 % salt rejection was 
achieved by depositing five bilayers of polyelectrolytes at 20 mg/L PAH; keeping the pH 
and PEI at constant levels. However, there was only 1% increase in salt rejection by 
increasing the PAH concentration up to 10 times. On the other hand, salt rejection 
increased to 95 % by depositing 50 bilayers of polyelectrolytes, due to increase in dense 
structure. 
 
Figure 4-14: Contour plot of salt rejection affected by number of layers and PAH concentration (pH=6; 
PAH=110 mg/L) 
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4.5 Fouling Study 
4.5.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 89.23%. The Model F-value of 
8.28 recommends that model is significant. The larger F value and the smaller 
corresonding "Prob > F" (p value) shows the significant terms in the model. In the case of 
fouling flux,  A, C, B
2
 and C
2 
are significant model terms. Signal to noise ratio of 10.508 
indicates an adequate signal.  In short, this model can be used to study the design space. 
The ANOVA summary is given in Table 4-6. 
Final Equation in Terms of Actual Factors: 
 
             (
 
     
)  
                                               
                                                 
                                              
                                                  
                                            
                                     
By counting the significant model terms ,the expression was improved  as follows; 
             (
 
     
)  
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Table 4-6: ANOVA summary for fouling flux 
 
 
4.5.2 Graphical Residual Analysis 
Figure 4-15 shows the predicted values versus actual values of fouling flux. It can be seen 
that majority of the actual experimental values were close to theoretical straight line, 
indicating developed model was useful in developing the correlation between input 
variables and corresponding flux. 
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Figure 4-15: Predicted versus actual fouling flux 
Figure 4-16 shows the normal plot of residuals for fouling flux. Since, all residuals lie on 
straight line except one point. It indicates that residuals follow normal distribution of 
errors with mean value of 1.5. The resulted residuals occurred due to noise. 
 
Figure 4-16: Normal plot of residuals 
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4.5.3 Three dimensional study for fouling flux 
Figure 4-17 shows the combine effect of PEI concentration and number of layers on flux 
under fouling conditions (fouling flux). Flux decline after fouling decreased with 
increasing number of layers but PEI has dominant impact in achieving maximum fouling 
flux. Even, if the number of layers were kept constant, a rise in PEI concentration has 
remarked effect on boosting fouling flux. When the PEI concentration was 20 mg/L, it 
provided 6.926 L/m
2
.hr of flux but it raised to 12.193 L/m
2
.hr with 200 mg/L PEI 
concentration. This is a more than 43 % increase in flux. However, 58.6 % flux increase 
was achieved by increasing the PEI concentration from 20 to 200 mg/L with 50 bilayers. 
The flux rise can be explained as a result of more surface coverage which imparts 
hydrophilicity and reduced the surface roughness. 
 
Figure 4-17: Response plot of fouling flux affected by number of layers and PEI concentration (PAH=110; 
pH=6) 
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Figure 4-18 shows the contour plot of fouling flux affected by pH and PEI concentration 
by keeping layers and PAH at constant levels. It is clear that higher pH is not in favor of 
getting greater flux. As, flux was 6.368 L/m
2
.hr at 4.0 pH but decreased to 6.12 L/m2.hr 
that is almost 3.9 % flux decline. However, pH and PEI both support each other at 
maximum experimental conditions to get higher flux. For example, flux rise of 46% was 
attained on shifting from lower to maximum operating conditions of pH and PEI. 
 
Figure 4-18: Contour plot of salt rejection affected by pH and PEI concentration (layers=27.5; PAH=110 mg/L 
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4.6 Flux Recovery after Membrane Cleaning 
4.6.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 87.76%. The Model F-value of 
7.17 confirms that model is significant. The smaller "Prob > F" (p value) shows the 
significant terms in the model. In the case of recovery flux,  A, C, B
2
 and C
2 
are 
significant model terms. Signal to noise ratio of 9.844 indicates an adequate signal.  So, 
this model can explain the experimental behaviour. The ANOVA summary is given in 
Table 4-7. 
Final Equation in Terms of Actual Factors: 
 
              (
 
     
)  
                                                        
                                                  
                                                  
                                           
                                                      
                   
By maintaining the significant model terms ,the improved  expression is given below; 
              (
 
     
)  
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Table 4-7: ANOVA summary for recovery flux 
 
 
4.6.2 Graphical Residual Analysis 
Figure 4-19 shows the predicted versus actual recovery flux. It can be estimated that 
majority of the actual values were close to straight line. Also, there is almost equal 
scattering above and below the straight line. It indicates that proposed mathematical 
model is sufficient to explain the real behavior. 
105 
 
 
Figure 4-19: Predicted versus actual fouling flux 
Figure 4-20 shows the normal plot of residuals for recovery flux. Majority of the 
residuals lie on straight line indicating normal distribution of errors with 1.9 mean values. 
It predicts the adequacy of the model to illustrate the experimental behavior. 
 
Figure 4-20: Normal plot of residuals 
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4.6.3 Three dimensional study for Recovery flux 
Figure 4-21 shows the combine effect of pH and number of layers on recovery flux; 
which is flux after cleaning the fouled membrane. It is clear that flux increased 
substantially by decreasing the depositing layers and pH. Moving from maximum to mid-
point, more than 20% flux enhancement was observed. However, flux was recorded 
maximum with lowest pH and lowest number of deposited layers. It is obvious that by 
increasing the layers, thickness of the deposited films will increase resulting in less flux. 
 
Figure 4-21: Contour plot of recovery flux collectively affected by number of layers and pH at 110 mg/L 
PEI/PAH  
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4.7 Contact Angle 
4.7.1 Analysis of Variance (ANOVA) 
The coefficient of determination, R
2 
for the model was 90.66%. The Model F-value of 
9.70 endorses the significance of mathematical model. Here, A, D, and C
2 
were 
significant model terms due to less p values. Adequecy of mathematical model was 
shown by high value of signal to noise ratio. A ratio of 11.678 was present, which usually 
a value of 4.0 is required for model suitability. So, this model can describe the 
experimental behaviour. The ANOVA summary is given in Table 4-8. 
Final Equation in Terms of Actual Factors: 
 
              
                                                  
                                                 
                                           
                                       
                                                       
                   
After removing the insignificant model terms ,the improved  expression is given below; 
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Table 4-8: ANOVA summary for contact angle 
 
 
4.7.2 Graphical Residual Analysis 
Residual analysis was used to check the fitting of mathematical model with experimental 
data. Figure 4-22 shows the predicted versus actual contact angle. It can be seen that 
actual values were close to straight line. There was little variability that was not being 
explained by model. It indicates that proposed model is satisfactory to explain the real 
behavior. 
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Figure 4-22:  Predicted versus actual contact angle 
 
Box Behnken design model was tested by calculating the residuals. Figure 4-23 shows 
the normal plot of residuals for contact angle. Maximum residuals lie on straight line 
around mean of one. It forecasts the suitability of model to determine the experimental 
behavior due to normal distribution of error. 
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Figure 4-23: Normal plot of residuals 
4.7.3 Three dimensional study for contact angle 
Figure 4-24 shows the effect of concentration of both depositing polyelectrolytes on 
contact angle keeping constant pH and layers. The measurement of contact angle shows 
the smoothness of surface. A lower contact angle is an indication of smoother surface. It 
is evident that by increasing the concentration of both polyelectrolytes from 20 mg/L to 
110 mg/L, contact angle increased from 46.9
o
 to 54.5
o
. However, further increasing the 
concentration to 200 mg/L resulted in decline of contact angle to 48
o
. Therefore, it can be 
easily stated that smooth surface was achieved at mid-point conditions. In addition, there 
was an interesting finding that although increasing the concentration of both 
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polyelectrolytes was enhancing smoothness, however, increase in PEI concentration has 
much greater effect than increasing PAH concentration. 
 
 
Figure 4-24: Contour plot of contact angle affected by concentration of PEI and PAH 
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Table 4-9: ANOVA summary for all responses 
 
 
4.8 Optimization 
To optimize all the input parametrs and the measured responses, desired goals were set. 
All the input variables were taken in range while all the responses were set to maximize 
except the contact angle that was set to mimium value. Inputs  were set at an significance 
of 3 which shows medium satisfactory level. All Responses were set at high importance 
of 5 except the recovery flux that was set at the satisfactory level. All these conditions are 
given in Table 4-10. Optimization was run for 30 cycles. 
 
Response/Constraint 
Co-efficient of 
determination R
2
 
% 
Model F 
value 
Adequate 
Precision 
Significant 
Terms 
Pure flux 85.23 5.77 9.386 A, C 
Saline flux 86.30 6.30 9.417 A, C, B
2
 
Salt rejection 85.81 3.13 6.746 A, C
2
, D
2
 
Fouling Flux 89.23 8.28 10.508 A, C, B, C
2
 
Recovery flux 87.76 7.17 9.844 A, C, B
2
, C
2
 
Contact angle 90.66 9.70 11.678 A, D, C
2
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Table 4-10: Constraints level for optimization 
 
The overall desirability of the optimized solution was 0.865; a value close to one is 
considered as good. The histogram for satisfactory level of each response and input is 
also shown in Figure 4-25. The optimum conditions of inputs and the corresponding 
responses are summarized in Table 4-11.  
 
Figure 4-25: Desirability histogram for all constraints 
Constraints 
     Lower  Upper  Upper 
 Name  Goal  Limit  Limit  Importance 
 Layers   in range  5  50   3 
 pH   in range  4  8   3 
 PEI   in range  20  200   3 
 PAH    in range  20  200   3 
 Pure Flux   maximize  7.842  15.813   5 
 Saline Flux  maximize  6.46  14.5   5 
 Salt Rejection  maximize  88  99.99   5 
 Fouling Flux  maximize  4.4  12.8155   5 
 Recovery Flux  maximize  4.665  13.896   3 
 Contact Angle  minimize  46.5  63   5 
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It is manifested that both the polyelectrolytes must be used with their maximum input 
concentration with 7.6 pH to get the higher optimum flux and salt rejection. However, 
48.5 bilayers are enough to modify the existing polyamide layer, in order to impart 
sufficent hydrophilic charteristics to get minimal flux drop. 
 
Table 4-11: Optimum performance Parameters 
 
Constraint Unit Optimum Level 
Layers No. 48.5 
pH --- 7.6 
Poly (ethylene imine) mg/L 200 
Poly ( allyl amine hydrochloride) mg/L 200 
Pure water flux L/m
2
.hr 14.64 
Saline flux L/m
2
.hr 12.95 
Salt Rejection % 99.2 
Fouling flux L/m
2
.hr 11.48 
Recovery Flux L/m
2
.hr 11.91 
Contact Angle Degree 47.35 
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5 CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Scanning Electron Microscopy 
The unique structure of RO membrane is clearly visible in Figure 5-1 (a). The surface 
morphology is rough and has typical ridge and valley structure [142], [143] which is the 
distinctive behavior of interfacial polymerization. It happens due to fast and uncontrolled 
reaction at the interface during the process of polymerization [144]. The noddle like 
particles are scattered on the surface of the membrane showing the presence of active 
polyamide layer but in a non-uniform arrangement. However, with the deposition of 
polyelectrolyte solution, a noticeable variation in surface morphology is observed as in 
Figure 5-1 (b). With only 5 bilayers, the surface becomes fairly smooth as compare to un-
modified RO membrane. The polyelectrolyte solution penetrated into the valley parts to 
fill the rough surface, resulting in the membrane smoothness. This feature is even more 
prominent in the case of 27 and 50 bilayers as shown in Figure 5-1 (c) and (d) 
respectively. By increasing the number of layers, increase in smoothness is observed. It is 
anticipated that, this increase in membrane smoothness can enhance the anti-fouling 
ability of the polyelectrolyte modified membrane [145]. 
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Figure 5-1: SEM images of (a) pristine polyamide (b) 5 bilayers (c) 27.5 bilayers (d) 50 bilayer 
Another useful finding is the effect of increasing concentration of polyelectrolyte during 
deposition of layers as shown in Figure 5-2. By increasing the polyelectrolyte 
concentration, membrane surface is becoming smooth. It seems that particles has 
arranged themselves one above the other in the form of stacking; leaving behind no 
a b 
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empty region on the surface which has noticeable uniformity. Effect of concentration is 
prominent in case of 200 mg/L of polyelectrolyte as in Figure 5-2 (d). The surface is 
shiny and it seems that it has some brushing that has made the surface smooth. The 
increase in concentration is expected to enhance in water flux as was achieved by 
Sanchuan et al [146]. 
 
Figure 5-2: SEM images of (a) pristine polyamide (b) 20 mg/L PEI/PAH (c) 110 mg/L PEI/PAH (d) 200 mg/L 
PEI/PAH 
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The successful deposition of polyamide barrier layer is clearly visible in cross section 
image as shown in Figure 5-3 (a). The rough polyamide structure is in accordance with 
Jeong et al [37]. The estimated thickness of the active layer is found to be 264.5 nm, 
comparable with 255 nm as mentioned by Leckie et al [147]. The effect of bilayer 
deposition is demonstrated in Figure 5-3 (b)-(d). By increasing the number of layers, 
thickness of the barrier layer increased as shown in Table 5-1. It also resulted in the 
compactness of the polyamide active layer. The random looking barrier layer got aligned 
with the deposition of polyelectrolyte multilayers. This alignment can be linked with 
decrease in membrane roughness and increase in arrangement of noddle like particles. On 
the other hand, increase in thickness may contribute in enhancing resistance to water 
flow. So, it is expected that the rise in resistance with number of layers will decrease the 
water flux. Anyhow, thickness achieved was less as compared to reporting by Seo et al 
[117] using layer by layer assembly of PEO/PAA multilayers. Their average bilayer 
thickness was 21 nm per bilayer after depositing 50 multilayers. In this study, the average 
increment of polyelectrolyte bilayers was 6 nm after depositing 50 bilayers. 
Table 5-1: Effect of bilayers on membrane thickness  
Membrane *Thickness (nm) 
Pristine Polyamide 264.5 
5 bilayers membrane 282.1 
27.5 bilayers membrane 393.2 
50 bilayers membrane 567 
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Figure 5-3: Cross section SEM images of (a) pristine polyamide (b) 5 bilayers PEI/PAH (c) 27 bilayers PEI/PAH (d) 
50 bilayers PEI/PAH  
Concentration of both polyelectrolytes = 110 mg/L 
 
*bilayer thickness includes pristine polyamide of 264.5 nm. 
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5.2 Contact Angle 
The investigation of membrane surface hydrophilicity was done by measuring the contact 
angle. The wettability of both the modified and un-modified RO membrane was 
analyzed. A lower value of contact angle is an indication of good wettability of the 
surface as well as its smoothness [148]. From SEM analysis, it was expected that 
polyelectrolyte coating will develop smooth and hydrophilic surface that will reduce the 
contact angle. Hydrophilic surfaces are less attacked by foulant materials and thereby 
enhance membrane life [26]. 
Table 5-2 shows the contact angle value for pristine and modified RO membranes. It can 
be seen that virgin membrane has higher contact angle, indicating its higher roughness as 
it was analyzed in SEM analysis. Increasing the number of coating layers resulted in 
decreasing contact angle indicating increased hydrophilicity of membrane surface. The 
pure polyamide prepared in this study has contact angle of 70
o
 which is way better than 
commercial Hydronautics SWC membrane which has contact angle of 96
o
. However, 
after modification by depositing 50 bilayers of PEI/PAH, it was decreased to 53.3
o
. 
Hence, polyelectrolyte modified membranes are fairly smooth and hydrophilic as 
compare to unmodified membrane. The relationship of increasing layer numbers and the 
corresponding less contact angle is in accordance with the observations of other 
researchers [119], [121], [149]. 
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Table 5-2: Effect of layer number on contact angle 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Atomic Force Microscopy 
AFM was used to study the surface roughness of the modified and un-modified RO 
membranes and the results are presented in Table 5-3. The membrane roughness is a 
valuable tool to study the fouling phenomena on membrane surface. However, the 
relationship between membrane roughness and fouling depends on various parameters as 
described by Johnson et al [150]. It can be seen from Table 5-3 that the average 
membrane surface roughness of pristine RO membrane is 119.4 nm. This much high 
surface roughness is in accordance with Hashaikeh et al [151] who described that reverse 
osmosis membranes are rougher than cellulose acetate membrane and is more attacked by 
Membrane Contact angle (
o
) 
Pristine Polyamide 70 
5 bilayers membrane 63 
27.5 bilayers membrane 54.6 
50 bilayers membrane 53.3 
All modified membrane has 110 mg/L PEI/PAH 
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the foulant particles. Moreover, high root mean square roughness is attributed to ridge 
and valley structure of typical polyamide RO membrane that can be seen in Figure 5-4. 
The valleys in the structure will offer more surface area to the foulant particles to 
accumulate and will result in severe fouling and eventually flux decline [23]. 
 
 
Figure 5-4: AFM images of pristine polyamide (A) top view (B) 3D view 
On the other hand, coating of PEI/PAH polyelectrolyte multilayers has significantly 
reduced the membrane surface roughness. It was expected that deposition of 
polyelectrolyte solutions will decrease the available area to the foulants [152], thereby 
reducing the clogging of valley parts. This reduction in membrane roughness will 
significantly contribute in enhancement of flux due to rise in smoothness [153]. Figure 5-
5 shows the top and three dimensional views of modified membranes. The increase in 
smoothness and vanishing of valley parts is clearly noticeable as multilayer deposition 
cycle increase from 5 to 50. 
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The increase in number of layers is found to be favorable in making the surface smooth. 
The reduced roughness is due to presence of hydrophilic hydroxyl and amine groups, as 
they impart smoothness to the surface. Therefore, increase in layer numbers resulted in 
increase in the density of these hydrophilic groups which contributes in enhancing 
smoothness as obvious from reduced roughness values of Table 5-3. 
 
 
Table 5-3: Effect of layer number on membrane surface roughness 
 
 
 
 
 
 
 
 
Membrane 
Average roughness 
nm 
Pristine Polyamide 119.4 
5 bilayers membrane 85.79 
27.5 bilayers membrane 63.64 
50 bilayers membrane 42 
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Figure 5-5: AFM images of modified membranes A&B (5 bilayers), C&D (27.5 bilayers), E&F (50 bilayers) 
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5.4 Thermal Gravimetric Analysis 
Figure 5-6 shows the thermo gravimetric analysis of the modified and unmodified 
membranes in inert nitrogen environment at 1000
 o
C. In case of pure polyamide 
membrane, thermal degradation was started after 300
o
C which is due to melting of 
polymer side chains and cyclic oligomers [154]. It is clear that 900
o
C was enough for 
complete degradation of un-modified polyamide membrane with a residue of 
approximately 6 %. 
However, after depositing PEI/PAH multilayers on the polyamide membrane, the starting 
degradation temperature shifted to 350 
o
C which is attributed to additional protective 
coating of the polyelectrolytes on the polyamide surface. This shift in temperature can be 
explained on the restricted movement of polyamide chains after depositing 
polyelectrolytes, even at greater temperature. Moreover, by increasing the number of 
layers, residue amount was also increased after complete degradation. With 5 bilayers, 
residue increased to 7 % which further grew to almost 9.6% with 27 bilayers of 
PEI/PAH. 
In case of 50 bilayers PEI/PAH coating, degradation occurred in two steps: almost 10% 
weight loss occurred up to 40 
o
C and the second phase was the similar to 5 and 27 
bilayers. The unusual first loss is referred to the loss in water that was absorbed during 
interfacial polymerization or during any of the washing steps [155]. In addition to this, 
residue was more than 13 % that is even higher than all other modified membranes. 
Therefore, it was observed that thermal resistance of the base membrane was enhanced 
by coating the PEI/PAH polyelectrolyte multilayers. 
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Figure 5-6: TGA curves for pristine and modified polyamide membranes 
 
5.5 Fourier Transform Infra-Red Spectroscopy 
FTIR spectrums of modified and unmodified membrane are shown in Figure 5-7. The 
peaks of both membranes are identical and there is no prominent difference between 
them. This indicates the lack of presence of any undesirable product. It also conforms the 
fact that after depositing 50 bilayers of PEI/PAH polyelectrolyte solutions, the parent 
polyamide structure remain unchanged. Both the spectrum contains characteristics 
polyamide peaks of aromatic ring stretching vibration and amide II band C-NH plane 
bending at 1609 cm-1 and 1543 cm-1 respectively [156], [157]. In addition to this, 
characteristics peak of polysulfone base membrane at 1243 cm-1 is also present in spectra. 
[158]. 
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Figure 5-7: FTIR spectrums of (A) Pristine polyamide (B) 50 bilayer PEI/PAH 
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5.6 Permeation Results 
5.6.1 Effect of Layer Number 
Figure 5-8 shows the effect of number of layers on pure water flux of virgin and 
polyelectrolytes modified polyamide membranes. All the polyelectrolyte multilayers 
were synthesized at 110 mg/L solution concentrations. It is evident from Figure 5-8 that 
flux of pure polyamide is higher as compared to the modified membranes. In case of 
virgin membrane, flux achieved was 16.6 L/m
2
.hr that is far better than reported by Lee et 
al [113] and Kwon et al [159] for a typical polyamide membrane with a value of 11.8 
L/m
2
.hr at similar operating conditions. This indicates an increase of approximately 28.9 
% which is attributed to careful preparations of polyamide membrane including the MPD 
soaking time and rinsing with rubber roller. Also, heating the TFC PA membrane after 
preparation, at 60 
o
C contributes in the additional cross linking in the polymeric structure 
to get higher flux. 
The flux decline after depositing polyelectrolyte multilayers is obvious as it is the 
outcome of additional thickness on the polyamide surface which is contributing more 
resistance to the flow of water across the membrane. As described earlier in the cross-
section analysis, as the number of layers increased the thickness of the films increase. 
Therefore, flux decline take place with the layer number. 
A very interesting observation is the flux decline behavior of modified and un-modified 
membranes. The flux decline in case of pristine polyamide is very sharp and with the 
passage but it is comparatively gradual drop after deposition of the polyelectrolytes 
multilayers, irrespective of the number of layers. It is due to preliminary compaction 
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gained by modified membranes after polyelectrolyte deposition. As it can be seen in 
Figure 5-9, for pure polyamide the flux decline after one hour is from 21 L/m
2
.hr to 17 
L/m
2
.hr whereas in case of only 5 bilayers the flux decline for the same duration is from 
16 L/m
2
.hr to 14.5 L/m
2
.hr. It seems that polyelectrolytes has successfully added 
protective layer over polyamide surface which was also mentioned during TGA analysis. 
From Figure 5-8 it is noteworthy that initial flux of PEM films is quite different as it is 
due to the difference in number of layers on the polyamide surface. Final values after 
compaction of two hours are presented in Table 5-4. Flux decreased to 13.35 L/m
2
.hr 
after 5 bilayers and reached to 11.2 L/m
2
.hr after depositing 50 bilayers of PEI/PAH. So, 
overall 32.5 % flux decline occurred after depositing 50 bilayers, which is still better as 
compared to Farid et al [111].  Although flux per unit pressure was 0.75 L/m
2
.hr.bar that 
is approximately similar to our case of 0.746 L/m
2
.hr.bar, However they suffered with 50 
% flux decline after polyelectrolytes deposition.  
Table 5-4: Effect of layer number on pure water flux 
Membrane 
Pure water flux, J (L/m
2
.hr) 
Pristine Polyamide 
16.6 
5 bilayers membrane 
13.35 
27.5 bilayers membrane 
12.64 
50 bilayers membrane 
11.20 
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Figure 5-8: Pure water flux profile of unmodified and modifed membranes (modifed membranes have 110 mg/L 
PEI/PAH 
Figure 5-9 shows the effect of number of layers on flux performance under BSA fouling 
conditions for three hours of continuous operation. It is noteworthy that pure polyamide 
has very sharp flux decline during fouling conditions indicating the higher flux loss and 
absence of protective coatings. However, the modified PEI/PAH films have less and 
gradual flux drop indicating the significance of polyelectrolyte coatings. 
After 3 hours of fouling, more than 42 % flux loss was witnessed for pure polyamide 
membrane but when the PEI/PAH films were deposited, this huge flux loss reduced to 
only 12.6 % with only 5 bilayers. Moreover, flux loss further decreased to 11 % after 
coating of 50 PEI/PAH layers. This decrease in flux loss is in accordance with AFM 
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results that show by increasing the layer numbers, surface becomes smooth and less 
prone to fouling due to maximum surface coverage after multilayer deposition.  
From Figure 5-9, flux decline for all the membranes is divided in 2 stages: (i) 0-120 
minutes (ii) 120-180 minutes. In first two hours, initial and sharp decline occurs which 
can be explained with the early attachment of foulant layer on the surface of membrane. 
Maximum flux loss occurs during this initial period. However, in the second stage 
gradual and gentle flux drop took place after establishing equilibrium between the foulant 
layers and is represented by plateau [152], [160]. 
12.6 % flux loss with 5 PEI/PAH bilayers is much better than as reported by ishigami et 
al [109] with 12 bilayers of PSS/PAH on commercial polyamide membrane. They 
observed approximately 15 % flux loss in only 2 hours of BSA filtration. 
 
Figure 5-9: Effect of layer number on Flux after 180 minutes of BSA (100mg/L) filtration 
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Figure 5-10 shows the effect of layer number on salt rejection and permeability of 
polyelectrolytes modified polyamide membranes. It is visible that by increasing the layer 
numbers, salt rejection also increased but permeability decreased. The increase in salt 
rejection is due to the dense structure obtained by increasing the coating of PEI/PAH 
multilayers. The decrease in permeability is due to the increase in hydrodynamic 
resistance by adding more multilayers on the polyamide membrane. With 5 bilayers, only 
91% salt rejection was obtained which escalated to 95% after depositing 50 PEI/PAH 
bilayers. The increase in rejection is solely attributed to enhancement in the dense 
structure. 
 
Figure 5-10: Effect of layer number on permeability and salt rejection 
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5.6.2 Effect of Concentration 
Figure 5-11 shows the effect of concentration of PEI/PAH solutions on pure water flux. 
The number of bilayers was fixed to 27.5. It was found that pure water flux increased by 
increasing the concentration of PEI/PAH solutions. At low concentration of 20 mg/L, just 
9.4 L/m
2
.hr of pure water flux was achieved but it increased to 15.8 L/m
2
.hr, when the 
concentration escalated to 200 mg/L. It means that flux was enhanced up to 40.5 %. Also, 
it should be noted that at higher concentration of polyelectrolytes, flux was very close to 
that of pristine polyamide (16.6 L/m
2
.hr). The increase in flux by increasing the 
polyelectrolyte concentration is in accordance with the findings of Xu et al [161]. 
The improvement in flux is dedicated to complete surface coverage of the base 
membranes as it was shown in the SEM analysis. On the other hand, increasing solution 
concentration contributed in enriching hydrophilic functional groups. The hydrophilic 
enhancement on the membrane surface was confirmed by contact angle measurement. 
The contact angle of 20 mg/L modified membrane was 56.9
o
 that decreased to 48
o
 after 
deposition of 200 mg/L polyelectrolyte solutions. It shows that hydrophilicity of the 
membranes increased by increasing the concentration of depositing solutions that 
contributed in flux enhancement. 
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Figure 5-11: Effect of Concentration on pure water flux of 27.5 bilayers modified membranes 
Figure 5-12 shows the effect of PEI/PAH solution concentrations on flux decline during 
BSA fouling conditions. The drop in flux is obvious with the changing concentration. It is 
clear that using the lower concentration yields higher flux loss. At 20 mg/L 
concentration, flux loss was observed approximately up to 12.8% of its initial value but 
with 110 mg/L, flux loss was reduced to 11.5 %. It shows that by increasing the 
concentration, membrane surface is getting more protection and resistance against 
foulant. Maximum antifouling ability was witnessed at solution concentration of 200 
mg/L that retained more than 89 % flux of its initial value in fouling conditions. The 
decrease in flux loss is due to rise in hydrophilicity of the modified membranes as was 
confirmed by contact angle measurement. 
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Figure 5-12: Effect of concentraion on flux decline of 27.5 bilayers  PEI/PAH membranes in BSA (100 mg/L) 
fouling conditions 
Figure 5-13 shows the effect of PEI/PAH concentration on salt rejection and permeability 
of 27.5 bilayers modified membranes.  It is noticeable that increasing the concentration of 
the depositing solutions results in better performance of the modified membranes in terms 
of increased permeability and salt rejection. 95% NaCl rejection was achieved with 20 
mg/L that increased further to 98 % after modification with 200 mg/L depositing 
solution. The rise in salt rejection is attributed to dense and compact multilayer structure 
that is favorable for salt rejection. On the other hand, increase in permeability is linked to 
increase in hydrophilicity of membrane surface by increasing the polyelectrolyte 
concentration. 
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Figure 5-13: Effect of PEI/PAH concentration on permeation 
5.6.3 Effect of Solution pH on Permeation Performance 
Figure 5-14 shows the effect of pH of PEI/PAH solutions on the performance of 27.5 
bilayers modified polyamide membrane. The multilayers were deposited at fixed 
concentration of 110 mg/L. It is evident that by increasing the pH, pure water flux 
increased. The degree of ionization of polar groups depends on the pH [162]. Depending 
upon the type of polyelectrolyte, increase in pH either produces thick or thin films since 
each polyelectrolyte has its specific charge density and distinct dependence of pH on 
ionization state [163], [164]. At, 4.0 pH pure water flux was 12.8 L/m
2
.hr that increased 
to 15.28 L/m
2
.hr at pH 6. Effect of pH on membrane performance is in accordance with 
study of Wang et al [165]. 
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Figure 5-14: Effect of pH on performance of 27.5 PEI/PAH modified membranes 
From Figure 5-14, it looks that increasing the pH of polyelectrolyte solution from 4 to 6 
increased the surface charge density and degree of ionization of both polyelectrolytes so 
that a thin film was produced where lower resistance for mass transfer can be anticipated. 
Further increase of the pH to 8 may decreased the surface charge density and partially 
protonated the polyelectrolytes that caused more polyelectrolytes to be deposited. This 
will result in a thick film that will increase the resistance to mass transfer manifested as a 
decrease in flux. Effect of pH is summarized in Table 5-5. 
Effect of pH on flux loss of modified membranes can be evaluated from Figure 5-15. At 
pH 4, modified membrane retained 91% of its initial flux which indicates 9% flux loss, 
however it was reduced to 8% at 6 pH; confirming the enhancement in antifouling 
resistance. As shown in Table 5-5, flux loss was increased to 10%, when the pH was 
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increased to 8. Results show that pH 6 is the optimum to get high flux and greater fouling 
resistance. 
 
Figure 5-15: Effect of pH on permeation performance of 27.5 bilayers membranes 
 
Table 5-5: Effect of pH on performance of 27.5 bilayer membrane at 110 mg/L concentration 
 
pH 
 
Pure water flux 
L/m
2
.hr 
Saline flux 
L/m
2
.hr 
Flux after fouling 
L/m
2
.hr 
Flux loss 
% 
4 12.85 10.92 9.88 9 
6 15.28 14.18 12.79 8 
8 12.42 10.49 9.52 10 
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6 CHAPTER 6 
CONCLUSION AND RECOMMENDATIONS 
6.1 Conclusion 
Polyamide membrane was successfully deposited over polysulfone support through dip 
coating. Polyelectrolytes were successfully deposited over polyamide membrane using 
spin assisted layer by layer technique. It was revealed that hydrophilicity was enhanced 
after deposition of polyelectrolytes and results were supported by contact angle 
measurement.  AFM results showed that modified membranes possess smoother surface 
as compared to pristine polyamide. By increasing the layer number, hydrophilicity was 
increased and surface roughness was decreased. The synthesized membranes were tested 
in brackish water conditions. The antifouling study was performed using BSA as a model 
foulant and it was found that modified membranes have much better performance in 
terms of flux drop as compared to pristine polyamide. The decrease in flux decline with 
layer number is attributed to protective layers of polyelectrolytes. Modified membranes 
retain more than 85% flux after fouling as compared to 62% of pristine polyamide. 
Design expert was found to be an excellent tool to study the combine effect of layer 
numbers, pH and the polyelectrolytes concentration. Optimization was performed which 
revealed that all the input parameters must be used at higher levels to get the maximum 
optimum response. The optimum membrane with 48.5 bilayers, 7.6 pH and 200 mg/L 
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polyelectrolytes concentration, outperformed pristine polyamide in terms of fouling 
resistance. 
The statistical analysis showed that; 
 The significant factors to predict pure water flux were number of layers and 
concentration of poly (ethylene imine). 
 Saline and flux after fouling was influenced by number of layers, pH of the 
solutions along with concentrations of poly (ethylene imine). 
 The number of layers and maximum concentrations of both the polyelectrolytes 
were found to be favorable for salt rejection.  
6.2 Recommendations 
 To study the membrane performance after modification with other pair of 
polyelectrolytes. 
 To analyze the membranes under sea water conditions. 
 To perform stability test in order to investigate long term adhesion of the coating 
layers on the membrane surface. 
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